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ABSTRACT 


All  available  data  concerning  the  thermodynamic  properties 
of  the  group  W,  V,  and  VI  binary  metal  carbides  have  been  critically 
evaluated  and  the  values  judged  to  be  most  reliable  were  selected.  The 
compositional  variation  of  the  free  energies  of  the  group  IV  binary  metal 
carbides  has  been  calculated  based  on  theoretical  models. 
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INTRODUCTION  AND  SUMMARY 


A  INTRODUCTION 

The  primary  aim  of  a  chemical  thermodynamicist  la  to  be 
able  to  predict  the  extent  to  which  a  substance  will  undergo  reactions  with 
other  materials  or  will  decompose  into  other  materials.  Unfortunately, 
the  capability  of  making  such  predictions  is  often  hampered  by  the  lack  of 
pertinent  thermodynamic  data  or  because  of  inconsistent  data  existing  in 
the  literature.  The  primary  object  of  the  present  report  is  to  evaluate  the 
available  thermodynamic  properties  of  the  group  IV,  V,  and  VI  transition 
metal  carbides  based  on  the  known  thermodynamic  relations  and  to  select 
self-consistent  data  for  all  these  carbides. 

Since  the  transition  metal  carbides,  like  many  other  inorganic 
compounds,  exist  over  a  wide  range  of  homogeneity,  it  is  necessary  to  know 
the  activities  or  the  partial  molar  free  energies  of  the  metal  and  carbon 
components  in  these  carbide  phases  as  a  function  of  composition  in  order  to 
predict  the  stability  of  the  carbide  phases  under  different  environments. 
However,  most  of  the  thermodynamic  data  reported  in  the  literature  are 
restricted  to  or  are  close  to  the  stoichiometric  composition.  To  extend  the 
useful  range  of  these  data,  the  compositional  variation  of  the  partial  molar 
free  energies  of  the  metal  and  carbon  components  present  in  the  alloy  phases 
has  been  calculated  using  the  Schottky -Wagner  vacancy  model  for  all  the 
monocarbide  phases,  and  an  interstitial  model  for  the  terminal  solid  solution 
in  the  second  part  of  the  report.  In  this  interstitial  model,  it  is  assumed 
that  the  thermal  free  energy  of  the  solid  solution  is  proportional  to  :  con¬ 
centration  of  carbon  and  the  configurational  free  energy  is  entirely  due  io 
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the  entropy  of  mixing  of  the  interstitial  carbon  atoms  among  the  available 
interstitial  sites . 

B.  SUMMARY 

All  available  data  concerning  the  thermodynamic  properties 
of  the  elemental  hafnium  and  the  group  IV,  V,  and  VI  transition  metal 
carbides  have  been  critically  evaluated  and  the  values  judged  to  be  most 
reliable  were  selected.  For  the  group  IV  transition  metal  monocarbide 
phases,  the  integral  and  partial  molar  free  energies  of  the  metal  and  carbon 
components  were  calculated  as  a  function  of  composition  using  the  Schottky- 
Wagner  vacancy  model.  The  three  Schottky-Wagner  parameters  which  were 
iiiindod  to  calculate  the  compositional  variation  of  the  free  energy  were 
« .1.1  lii.vrl  from  the  known  phase  relationships  and  from  the  Integral  free 

■  :.vi  ul  formation  of  the  monocarbide  phase  at  the  stoichiometric  compoBl- 
‘.ion.  For  the  a-Hf  terminal  solid  solution,  whose  range  of  homogeneity  — 
in  contrast  to  the  behavior  of  the  terminal  solid  solutions  of  titanium  and 
v,ir(  ofi'i  — is  large  at  high  temperature,  the  variation  of  the  free  energy 

«.  ith  i  ouipnsition  was  calculated  using  the  interstitial  model. 

1 1 .  EVALUATION  OF  THE  THERMODYNAMIC  PROPERTIES  OF 
hljjARY  CARBIDES 

A.  METHOD  OF  EVALUATION 

The  available  thermodynamic  data  of  the  group  IV,  V,  and 

VI  transition-metal  carbides  have  been  evaluated  for  self-consistency,  based 

i'ii  i.ho  known  thermodynamic  relations.  Moreover,  the  validity  o.  the 

!  i  ■Miijih  namic  data  were  also  judged  in  the  light  of  the  experimental  methods 

■  :  the  uncertainties  in  the  experimental  results,  the  purity  of  the  speci- 

iin-ii,  and  the  agreement  between  the  values  reported  by  the  different 
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investigators  using  either  the  same  or  different  experimental  techniques. 

Since  many  of  the  binary  carbide  phases  exist  over  a  wide  range  of  homo¬ 
geneity,  a  knowledge  of  the  exact  chemical  compositions  is  necessary  in 
order  to  obtain  meaningful  data. 

Frequently  when  two  sets  of  conflicting  data  were  reported  in 
the  literature,  we  have  selected  the  results  of  the  investigators  who  have 
previously  reported  reliable  data  for  other  carbides  using  the  same  experi¬ 
mental  method. 

The  discussion  of  the  data  evaluation  was  divided  into  six 
sections:  Phase  Diagram,  Low-Ternperatur e  Data,  High-Temperature  Data, 
Reaction  Equ  illbrium  Data,  Vapor  Pressure  Data,  and  Calorimetric  Data. 
Baaed  on  the  discussion  and  evaluation  of  the  reported  thermodynamic  data, 
enthalpy  and  free  energy  data  were  selected. 

1 .  Phase  Diagram 

Phase  diagrams  provide  much  thermodynamic  infor¬ 
mation,  For  instance  at  any  temperature  in  a  two  phase  field,  the  partial 
molar  free  energies  of  the  component  elements  at  the  respective  phase 
boundaries  are  equal.  For  the  group  IV  metal  monocarbide  phases,  the 
three  Schottky- Wagner  parameters  have  been  obtained  using  the  information 
that  the  partial  molar  free  energy  of  carbon  at  the  carbon-rich  phase  boundary 
of  the  monocarbide  phase  is  the  same  as  that  of  pure  graphite,  and  the  par¬ 
tial  molar  free  energy  of  metal  at  the  metal-rich  phase  boundary  is  equal 
to  that  in  the  terminal  metal  solid  solution. 

The  phase  diagrams  of  the  nine  binary  metal  carbon 
systems  used  in  this  compilation  were  taken  either  from  those  recently 
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(2) 

established  by  Rudy  and  co-workers  of  our  own  laboratory  or  those 
already  existing  in  the  literature. 

2.  Low-Temperature  Data 

One  of  the  thermodynamic  quantities  needed  to 
describe  the  stability  of  a  substance  is  entropy.  The  standard  entropy  of 
solids  at  298. 15*K  may  be  obtained  from  the  low  temperature  heat  capacity 
using  the  following  thermodynamic  equation: 


where  S  stands  for  the  entropy,  Cp  is  the  heat  capacity  at  constant  pressure, 
and  T  is  the  absolute  temperature.  The  subscript  st  stands  for  the  stand¬ 
ard  temperature,  298.  15*K.  The  term  S  is  zero  for  an  ordered  phase 
and  has  a  positive  value  for  a  disordered  phase.  For  a  carbide  phase  with 
the  stoichiorretr ic  composition  such  as  TaC,  the  value  of  SQ.^.  will  be  zero. 

The  low-temperature  heat  capacity  may  be  determined 
from  some  temperature  close  to  absolute  zero,  usually  the  liquid  helium, 
liquid  hydrogen,  or  liquid  nitrogen  temperature,  up  to  about  room  tempera¬ 
ture.  The  heat  capacity  in  the  temperature  range  from  absolute  zero  up 
to  the  lowost  temperature  at  which  a  measurement  is  made  can  be  calcu¬ 
lated  from  theory. 

In  this  compilation,  only  the  values  of  S|t  and  AS^  gt,  ufaea re 
AS,  .  is  the  entropy  of  formation  of  a  carbide  phase  at  298. 15*K,  all 
expressed  in  cal/deg  g-atom  metal  are  reported. 
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3.  High-Temperature  Data 

The  high-temperature  heat  content  data  determined 
calorimetrically  were  evaluated  using  the  Y -function  which  is  defined  as: 


Y  = 


HT'Hst 

T~-TW71T 


where  (H-,  -  H  )  is  the  heat  content  at  any  temperature  T  relative  to  the 

dCn  HV 

heat  content  at  298. 15 *K.  At  298 . 1 5 *K,  Y  =  Cp  and  =  2  iji-  . 

In  evaluating  the  high-temperature  heat  content  data,  the  values  of  Y  and 

dY  ^ 

,1  at  298.15*K  were  made  to  be  consistent  with  the  values  of  C  and  -r=£-  . 
dT  p  dT 

Once  the  values  of  Y  as  a  function  of  temperature  were 
selected,  the  values  of  heat  capacity,  heat  content,  entropy  content,  and 
free  energy  function  were  calculated  by  means  of  the  following  equations; 


r  -  v  4.  dY 

Cp  "  Y  +  ST 


(T  -  298. 15) 


Ht  -  H  =  Y  (T  -  298.15) 


Sst^Y^- 


298.15 


•)  + 


Y (T-298 . 15)  dT 


298  *15 


GT  '  Hst  .  Y(T-298.  15)  . 

T  “  T  T 


T  st 

where - y -  is  called  the  free  energy  function  and  will  be  abbreviated 

by  the  symbol  fef  in  this  compilation.  The  standard  entropy  required  to 
obtain  the  free  energy  function  as  shown  in  the  last  equation  is  derived 
from  the  low-temperature  heat  capacity  data. 
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The  numerical  calculation  of  G  ,  H_  -  H  , 

GT-Ht  P  T  a. 

S^.  -  S  ,  and  -  - ^ — — •  wafl  carried  out  by  an  IBM-7094  computer. 

/  T  y/T-298  151 

The  integral,  I  — - — — '■ -  dT>  was  approximated  with  Simpson's 

J  T 

•  , 1  J 

rule.  The  performance  of  the  computer  program  was  checked  using  the 

thermal  data  of  titanium  and  of  iron  selected  by  Hultgren,  Orr,  Anderson, 

(11  °T  '  Hst 

and  Kelley'  .  The  agreement  o£  the  values  of  S^,  -  and  of  -  - ^ - 

at  any  temperature  (Including  the  temperatures  where  transformations  occur) 
between  the  computer-calculated  values  and  those  selected  by  Hultgren,  et.al. 
was  within  0.01  cal/deg  g-atom.  The  computer -calculated  values  were 
plotted  as  a  function  of  temperature  and  the  smoothed  values  which  are 
consistent  with  the  calculated  heat  content  values  were  tabulated. 

The  heat  contents  of  these  binary  carbides  are  rep¬ 
resented  by  the  following  empirical  Kelley  equation: 


H_  -  H  =  aT  +  bT2  +  cf  t  d 
1  st 

The  values  of  a,  b,  c,  and  d  were  obtained  using  a  least  square  method 
again  by  an  IBM-7094  computer. 

For  some  of  the  carbides  whose  heat  capacity  con¬ 
tinues  to  increase  rapidly  even  above  room  temperature,  the  empirical 
Kelley  equation  above  does  not  adequately  represent  the  data  ovei  the  tem¬ 
perature  range  from  298,1 5 *K  to  300P*K  with  a  single  set  of  numerical 
coefficients.  In  such  cases,  the  total  temperature  range  was  divided  into 
two  sub-ranges  298.15*  to  T,  and  T  to  3000*K.  The  lower  range  was 
fitted  to  the  four  parameter  Kelley  equation  above,  and  the  upper  range  ’was 
fitted  either  with  the  same  type  of  equation  but  with  different  parameters 
or  to  a  reduced  three  parameter  form: 
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HT  -  Hat  -*  T  +  *  T’  +  d' 

Whenever  the  high-temperature  heat  content  data 
have  been  evaluated  by  the  JA_NAF  group  or  Dr.  Kelley  of  the  Bureau  of 
Mines,  their  tabulated  data  have  been  adopted  in  this  compilation. 

4 .  Reaction  Equilibrium  Data 

The  thermodynamic  properties  of  a  carbide  phase 
may  be  conveniently  obtained  from  solid-solid  equilibria  (the  phase  equi¬ 
libria  of  more  than  two  components)  and  solid-gas  equilibria.  For  instance, 
for  the  reaction 

TaOs  (c)  +  7C  (gr)  =  5  CO  (g)  +  2TaC 

the  thermodynamic  properties  of  TaC  may  be  derived  by  measuring  the 
vapor  pressure  of  CO  as  a  function  of  temperature  above  TazOs~C-TaC, 
when  the  related  data  of  Ta  O,,  C  and  CO  are  known. 

Whenever  the  free  energy  functions  of  all  the  react¬ 
ants  and  products  are  known,  the  standard  heat  of  reaction  at  298. 15°K  may 
be  calculated  from  each  individual  measurement  using  the  following  relation¬ 
ship: 

^R.  st  =  "  T  ^ef>  +  AGR 

In  the  above  equation,  Afef  is  the  sum  of  the  free  energy  functions  of  the 
products  minus  the  sum  of  the  free  energy  functions  of  the  reactants.  From 
an  arithmetic  average  value  of  and  knowing  the  heats  of  formation 

of  all  the  other  reactants  and  products,  the  heat  of  formation  of  this  carbide 
phase  wab  obtained.  This  value  of  AH^  was  then  compared  with  the  value 
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derived  irom  the  vapor  pressure  measurements  and  with  the  direct  calori- 


ii. •  t;  value,  and  then  the  value  of  AH,  was  selected, 

X  j  8 1 

Whenever  the  values  of  AH~  .  derived  from  the 

R,  st 

equilibrium  data  show  a  trend  with  temperature,  indications  are  that  the 


reaction  equilibrium  as  written  may  not  be  t.,e  true  equilibrium.  In  such 


case  s,  the  value  of  AHb  derived  was  not  considered  in  the  final  selection 

$  B  C 


.  .f  data . 


5,  Vapor  Pressure  Data 

The  vaporization  behavior  of  a  number  of  carbide 
uisrs  has  Imcn  studied  using  either  the  Knudsen  technique  or  the  Langmuir 
method.  In  either  case,  the  data  were  evaluated  using  the  Third  Law 
method.  For  example,  the  vaporization  of  a  monocarbide  phase  to  gaseous 
elements  may  proceed  as  written  below: 


McC  (c)  -  Me  (g)  +  C  (g) 


The  thermodynamic  properties  of  the  MeC  phase  can  then  be  obtained  by 
measuring  the  partial  pressures  of  Me  and  C  above  the  MeC  phase,  provided 
the  the r mody namic  properties  of  Me  and  C  are  known.  For  each  measure* 
nient,  the  heal  of  vaporization,  AH  ,  for  the  MeC  phase  was  calculated 

V'  I  t)  t 

by  tin  Third  Law  method.  From  an  arithmetic  average  value  of  the 
A1I<  the  heat  of  formation  of  the  MeC  phase  was  obtained  knowing  the 

heats  ol  vaporization  of  the  elements. 

Whenever  an  alloy  phase  does  not  vaporize  congruently, 
the  composition  of  this  alloy  phase  within  the  homogeneous  range  during  the 
course  of  evaporation  is  changing  with  time  and  so  will  the  partial  pres¬ 
sure  of  the  more  volatile  component.  Undjr  such  conditions,  one  cannot 
obtain  meaningful  data,  unless  the  amount  of  the  material  vaporized  is  so 
Binall  that  the  composition  of  the  alloy  phase  does  not  change  appreciably. 


8 


6. 


Calorimetric  Data 


The  heats  of  formation  of  carbide  phases  have  been 
generally  determined  by  combustion  calorimetry.  Provided  the  sample  used 
and  the  combuatlon  products  are  defined,  combustion  calorimetry  always 
yields  more  precise  heat  of  formation  values  in  comparison  with  other 
thermochemical  methods. 

7 .  Selection  of  Enthalpy  and  Free  Energy  Data 

The  value  of  the  enthalpy  (heat)  of  formation  at 
298. 15*K,  AHj  of  a  carbide  phase  together  with  an  estimated  uncertainty 
has  been  selected  based  on  the  values  derived  from  the  reaction  equilibrium 
data,  the  vapor  pressure  data,  and  the  calorimetric  data.  Using  this 
selected  value  of  AH^  gt  and  the  available  free  energy  functions  for  the 
carbide  phase  and  the  elements,  the  Gibbs  free  energy  of  formation,  AG^, 
of  this  carbide  phase  with  a  definite  composition  was  calculated  as  a  func¬ 
tion  of  temperature. 

The  AG ^  values  as  a  finction  of  temperature  are  pre¬ 
sented  as  a  linear  function  of  temperature.  Only  for  those  cases,  where 
ACp  values  change  drastically  with  temperature,  an  additional  T  log  T 
term  is  added  to  the  linear  equation  in  order  to  represent  the  AG^  values 
adequately. 

In  the  present  compilation,  the  stable  form  of  the 
element  at  any  temperature  and  one  atmosphere  pressure  has  been  adopted 
as  its  standard  state. 
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B. 


EXPERIMENTAL  THERMODYNAMIC  PROPERTIES  OF 
BINARY  CAF  BIDES 


1 .  Group  IV -Metal  Carbon  Systems 

In  the  systems  of  ciAon  with  the  three  group  IV  transition 
metals  titanium,  zirconium  and  hafnium,  only  one  intermediate  phase,  a 
monocarbide  with  Bl-type  of  structure,  is  formed.  The  homogeneous 
range  of  this  phase  in  all  three  systems  is  large  and  varies  from  about 
x^  =  0.32  to  0.5.  At  =  0.5  both  the  metal  lattice  and  the  carbon  sub¬ 
lattice  are  filled,  but  for  Xj,  <  0.5,  the  carbon  sublattice  is  deficient  with 
carbon  atoms.  Moat  of  the  thermodynamic  data  reported  in  the  literature 
for  this  compound  refer  to  compositions  at  or  close  to  Btoichiometry .  Many 
measurements  were  made  on  samples  of  undefined  purity  and  Btoichiometry. 

In  the  following  sections,  the  literature  values  were 
evaluated  according  to  the  methods  described  in  section  H-A  and  the  most 
consistent  values  are  selected.  Also  included  in  this  compilation  is  an 
evaluation  of  tne  thermodynamic  properties  of  hafnium,  which  was  needed 
for  the  calculation  of  the  thermodynamic  quantities  of  the  HfC  phase. 

a.  Titanium -Carbon  System 
(I)  Phase  Diagram 

The  phase  diagram  as  shown  in  Figure  1 

(2) 

was  recently  established  by  Rudy'  and  co-workers.  The  only  intermediate 
phase  which  is  present,  titanium  monocarbide,  exists  over  a  wide  range 
of  homogeneity  and  melts  congruently  at  3067 *C  with  a  composition  of 
■^44  atomic  %  carbon. 
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Figure  1.  The  Phase  Diagram  of  the  Titanium-Carbon  System 

( 2 )  Low-Temperature  Data 

Kelley^  measured  the  low-temperature 
heat  capacity  of  TiC^  t  g  over  the  temperature  interval  55*  -  295*K. 
Integration  of  the  heat  capacity  yielded  the  value  of  S  »  5.  79  *  0. 1 
cal/deg  g-atom  Ti.  The  sample  used  by  Kelley  had  3.12%  metal  impuri¬ 
ties  and  0.75%  oxygen.  Using  the  available  entropies  of  titanium  and 
(4) 

graphite  ,  ^  =  -  2.87  _+  0.1  cal/deg  g-atoin  Ti  was  obtained. 

(3)  High-Temperature  Data 

Naylor^  measured  the  heat  content 
ol  TiCM.o  ovar  the  temperature  interval  36  1  -  1735*K,  and  the  sample 
used  was  prepared  by  reacting  titanium  with  Norblack  (99.7%  carbon)  in 
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vacuo  at  1300  -  1350*C.  A-nalyels  of  the  sample  showed  79.65%  titanium 
and  19.85%  carbon.  The  principal  impurity  was  about  0.4%  free  tltauilum. 
Since  TiC  and  TiO  form  a  series  of  continuous  solid  solutions,  one  suspects 
the  sample  might  also  contain  oxygen  as  impurity. 

Neel^  measured  the  heat  content  of 
T1Cm  ,  by  means  of  an  ice  calorimeter  over  the  temperature  interval 
590  -  2890*K.  The  chemical  composition  of  the  sample  was  79.8%  titanium, 
19.2%  carbon, and  0.9%  nitrogen.  Analysis  of  the  heat  content  data  of  Neel 
showed  a  scatter  of  22%  at  1G00*K  (corresponding  to  about  750  cal/g-atom). 
Neel's  smoothed  value  at  1800*K  was  about  14%  higher  than  the  value  reported 
by  Naylor . 

17) 

_  -  - -  Bender,  et.al.  '  determined  C 

values  of  TiC^j  #  using  a  pulse-heating  technique  over  the  temperature 
interval  2000  -  2500*K.  However,  their  average  Cp  value  was  about 
14  cal/deg  g-atom  in  comparison  to  6.5  cal/deg  g-atom  obtained  from 
Naylor's  data.  The  data  reported  by  Bender,  et.al.  are  suspected  to  be  In 
error . 

From  the  foregoing  discussion,  It  Is 

concluded  that  the  high-temperature  thermal  data  of  TIC^,  #  are  not  well- 
defined. 

Based  on  the  heat  content  data  of  Naylor, 
the  high-temperature  thermal  properties  of  TlC^j  (  have  been  calculated 
and  tabulated  as  part  of  ths  JANAJT  Thermochomical  Tables,  The  heat 
content  of  T1C^}||  over  the  temperature  interval  290.15  -  2000*K  as 
tabulated  in  the  JANAF  Tables  may  be  represented  by  the  following  analytical 
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equation  with  an  average  standard  deviation  of  15  cal/g-atom  Ti  and  a 
maximum  deviation  of  31  cal/g-atom  Ti  at  40Q*K. 

-  4  2  S  “1 

H_-H  =  12.387  T  +  1.6737  x  10  T  +  4.2442  x  10  T  -5128.7 
r  st 

(4)  Reaction  Equilibrium  Data 

Brantley  and  Beckman^  studied  the 
equilibrium  TiOz~C -TiC -CO  over  the  temperature  interval  1278  -  1428*K. 
From  X-ray  analysis,  they  concluded  that  the  solid  phases  consisted  of 
TiOz>  TiC  only  and  no  TiO.  Thermodynamic  calculations  at  1323*K  using 
the  Gibbs  free  energies  of  formation  of  TiOz>  TiO,  and  CO  selected  by 
Elliott  and  Glelser^  showed  that  =  0.0005  in  the  Tl(C.O)  solid  solu¬ 

tion.  This  confirmed  the  conclusions  of  Brantley  and  Beckman.  Using  the 
values  of  the  free  energy  function  for  CO,  TiC,  C  and  TiOz  given  in  JANAF 
Thermochemical  Tables^,  the  standard  heat  of  reaction  at  298.1 5 *K, 

AHn  for  the  following  reaction 
St 

TiOz  (c)  +  3  C  (gr)  =  TiC  (c)  +  2  CO  (g) 

was  calculated  to  be  1 10,  600  2440  cal.  The  uncertainty  includes  only 

the  scattering  of  the  experimental  measurements,  not  the  uncertainties 
associated  with  the  free  energy  functions.  Again  using  the  heats  of  formation 
of  CO  and  TlOj  given  in  JANAF  Thermochemical  Tables,  AHj  = 

-62,070  cal/g-atom  Ti  was  obtained.  This  value  of  -62,  070  cal/g-atom  Ti 
is  much  more  exothermic  than  the  calorimetric  result.  Moreover,  the 
heat  of  roaction  calculated  using  the  Third  Law  method  showed  a  trend  with 
temperature,  l.e.  with  increasing  temperature,  the  heat  of  reaction 
becomes  more  endothermic. 
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Kutsev  and  Ormont^^  studied  the 
equilibrium  C -Ti(C, O) -CO  over  the  temperature  interval  1880-2600*K, 
with  the  partial  pressure  of  CO  varying  from  20  mm  to  750  mm  Hg.  The 
composition  of  TiO  varied  from  0.01  to  about  0.  1  mole  fraction.  Knowing 
the  partial  pressure  of  CO  and  the  composition  of  TiO  in  Ti(C,0)  solid 
solutions,  and  assuming  ideal  solution  behavior,  one  can  calculate  the 
equilibrium  constant  of  the  following  reaction: 

TiO  <ss>  +  2  C  (gr)  =  TiC  <ss>  +  CO  (g) 

A  calculation  at  2000 *K  yielded  AGR  =  5,  360  +_  2600  cal.  Using  the  free 

(q\ 

energies  of  formation  of  TiO  and  CO  from  Elliott  and  Glelser'  ,  one 
obtained  AGf  2000.k  =  -17,  000  cal/g-atom  Ti  for  TiC^^.  This  1b  only 
about  half  of  the  value  selected  as  discussed  in  the  latter  section.  We  believe 
the  error  is  due  to  the  difficulty  in  the  compositional  analysis  of  the  Ti(C.O) 
solid  solution. 

(5)  Vapor  Pressure  Data 

From  a  mass  spectrometric  study 

of  TiC  at  about  2500*K,  Chupk.a,  Berkowitz,  Giese  and  Inghram^  ^  found 
that  there  was  no  TiC  molecule  in  the  vapor  phase. 

Fujishiro  and  Gokcen'  '  measured 
the  vapor  pressure  of  titanium  over  TiC -C  over  the  temperature  interval 
2383  -  2593*K  using  the  Knudsen  technique.  A  Third  Law  evaluation  of 
their  vapor  pressure  data  y  ifllded  AH{  8t  “  "  31,  330  cal/g-atom  Ti. 

This  value  is  about  12,  000  cal  less  exothermic  than  the  calorimetric  value. 
We  believe  that  the  data  of  Fujishiro  and  Gokcen  are  in  error  because  of 
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the  fact  that  the  weight  loss  of  the  empty  Knudsen  cell  was  about  two  to 
three  times  larger  than  the  actual  weight  loss  of  the  sample. 

Coffman,  Kibler,  Lyon,  and 

(13) 

Acchione'  '  studied  the  Langmuir  vaporization  of  TiC^j  over  the 
temperature  interval  2100  -  2542*K.  They  concluded  that  TiC^;  Q  vapor¬ 
ized  congruently  in  their  experiment  based  on  the  fact  that  the  lattice 
parameter  of  TiC^  Q  remained  constant  with  the  amount  of  material  vapor¬ 
ized.  Using  the  available  values  of  the  free  energy  function  for  TiC^j  , 

(4) 

C.  and  Ti'  ,  Coffman,  et.al.  obtained  AH  ,  =  326,200  +  1,200  cal/g-atom 

v,  st  —  6 

Ti,  which  yielded  AH£  gt  =  -  42,800  1400  cal/g-atom  Ti  for  TiC^j  #  , 

in  reasonable  agreement  with  the  calorimetric  value. 

Using  the  resonance  line  absorption 

(13) 

technique,  Coffman,  et.al.  1  found  the  vapor  pressure  of  Ti  over  TiC 
and  graphite  at  2200*K  to  be  the  same  as  that  of  pure  Ti  at  1660*K.  From 
this  information,  they  obtained  AGR  2200  .k  =  ’(4,  130  cal  for  the  following 
reaction: 

TiC^j.o  (c)  =  Ti  (g)  +  C  (gr) 

Using  the  available  free  energy  functions  for  TiC^j  0  ,  Ti  and  C,and  the 
heat  of  vaporization  of  Ti,  they  derived  AHf  st  =  -  42,  700  cal/g-atom  Ti, 
again  in  reasonable  agreement  with  the  direct  calorimetric  data. 

Bolgar,  Verkhoglyadova  and 

( 14) 

Samsonov'  concluded  that  there  was  a  molecular  species,  TiC,  which 
decomposed  just  after  leaving  the  surface  from  the  Langmuir  experiment. 
However,  their  results  are  doubtful  as  pointed  out  by  Storms^1^. 


15 


(6)  Calorimetric  Data 


(161 

Humphrey'  measured  the  heat  of 
combustion  of  TiC  using  combustion  calorimetry  and  obtained  AH,  = 

X  f  8i 

-  43,  900  +^400  cal/g-atom  Ti.  The  sample  was  the  same  one  used  by 

(17) 

Naylor  for  heat  content  measurements.  Lowell  and  Williams  determined 

the  heat  of  formation  of  TlC^j  by  direct  reaction  of  the  elements  at  high 

temperature  and  obtained  a  value  of  -43,8  00  +  4000  cal/g-atom  Ti.  The 

uncertainty  of  the  measurements  is  rather  large. 

(7)  Selection  of  Enthalpy  and  Free 
Energy  Data 

The  heat  of  formation  of  TiC  ,  at 

'“1.0 

298. 1  5  *K  was  selected  to  be  -43,  100  _+  2000  cal/g-atom  Ti  based  on  the 
following  three  values: 


Investigator 
Humphrey 
Coffman,  et.al. 

Coffman,  et.al. 
Selected  Value 


Method 

Combustion  Calorimetry 

Resonance  line  Absorption, 
2200*K 

Langmuir,  2210  -  2542 *K 


-  43,900  +  400 

-  42, 700 


-  42, 800  +  1400 

-  43, 100  +  2000 


With  the  selected  value  of  AH, 

f,  st 

for  TiC  ,  and  the  available  free  energy  functions  of  TiC  ,  Ti,and  C  , 

'Vlf  U  *Vle0 

the  Gibbs  free  energy  of  formation  of  TiC^l  e  as  a  function  of  temperature 
can  be  calculated.  The  calculated  AG£  values  as  a  function  of  temperature 
were  fitted  to  three  linear  equations  and  these  equations  are: 
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Ti  (a)  +  C  (gr)  =  TiC^1<{|  (c) 


AG£f*M.i.-n«-k  =  -  42.890  +  2.44  T 


Ti  (p)  +  C  (gr)  =  TiC^, >0  (c) 


AG 


■,n»*  -  i940*k  -44.220  +  3.57  T 


Ti  (i)  +  C  (gr)  =  TiC^1#0  (c) 


^G£,l,4a.S000  *k  =  -43'490  +  5'77T 


b.  Zirconium -Carbon  System 

(1)  Phase  Diagram 

The  phase  diagram  as  shown  in 
(18) 

Figure  2  v.ate  established  by  Sara.  LoweU,  and  Dollofi'  1  and  more 
recently  by  Rvdy^  and  co-workers.  Similar  to  the  behavior  of  titanium 
monocarbide,  zirconium  monocarbide  also  exists  over  a  wide  range  of 
homogeneity  and  melts  congruently  at  3440*C  with  a  composition  of 
45  atomic  %  carbon. 

(2)  Low-Temperature  Data 

(19) 

Westrum  and  Felck'  '  measured  the 
low-temperature  heat  capacity  of  ZrC^j  #  over  the  temperature  interval 
5.59  -  345.16*K.  Integration  of  the  heat  capacity  yielded  the  value  of 
Sst  =  7 . 90  _+  0.02  cal/dog  g-atom  Zr  for  ZrC^  #  .  According  to  the  author 
the  approximate  compositions  of  the  sample  by  weight  was  96.5%  ZrC, 
2.4%  Zr,  0.5%  ZrN,  0.4%  ZrBI  and  0.15%  TiC.  Using  the  available 
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on.tropi.8B  of  zirconium^  ^  and  graphite  > 

&  *  -  2.75+  0.05  cal/ dog  g-atom  Zr 

f  i  it 

was  obtained. 
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Figure  2.  Phase  Diagram  of  the  Zirconium-Carbon  System 

(3)  High-Temperature  Data 

Mezaki,  Jambois,  Gangopadhyay, 

and  Margrave (20)  measured  the  heat  content  of  ZrC^  over  the  tempera¬ 
ture  Interval  480  -  1170*K  using  the  same  material  as  Westrum  and  Feick 
did  for  their  low-temperature  heat-capacity  measurement.  Analysis  of 
the  data  of  Mezaki.  et.al.  showed  a  scattering  of  +  1%  with  the  exception 

at  one  temperature,  +_  5%. 
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(7) 

Bender,  et.al.  determined  the 


C  of  94.7%  ZrC  over  the  temperature  interval  1640  -  2370*K  and 
P 

obtained  an  average  of  about  10  cal/deg  g-atom  alloy  which  we  believe 
ia  too  high. 


Based  on  the  data  of  Msaakl,  et.al, 
from  480  to  1170*K,  of  Neel^  from  600  to  3Q0Q‘K,  and  of  McDonald, 
Getting  and  Prophet^^,  the  high-temperature  thermal  properties  of 
ZrC.  ,  „  lave  been  calculated  as  part  of  the  JANAF  Thermochemical  Tables. 
The  heat  content  of  ZrC.  ,  „  as  tabulated  in  the  JANAF  Tables  over  the 
temperature  interval  296.  15  -  3000 *K  may  be  represented  by  the  following 
analytical  expreesion  with  an  average  deviation  of  6  cal/g-atom  Zr  and  a 
maximum  deviation  of  16  cal/g-atom  Zr  at  3000*K; 

HT-Hgt'  12.411  T  4  3.  5303  x  loS'i  3,  5317  *  10*  T  -  4915.9 


(4)  Reaction  Equilibrium  Data 

Prescott^^  studied  the  equilibrium 

ZrOj-C -ZrC -CO  over  the  temperature  interval  1800  -  201  5*K.  From  X-ray 

analysis,  Prescott  concluded  that  the  solid  phases  consisted  of  ZrO?,  C, 

and  ZrC.  Using  the  free  energy  functions  for  CO,  ZrC,  C,  and  ZrOx 

(4) 

given  in  the  JANAF  Thermochemical  Tables'  ' ,  the  standard  heat  of  reaction 
at  298.15*K,  AH„  ,  for  the  following  reaction: 

K  |  8  k 


ZrOj  (c)  +  3C  (gr)  =  ZrC  (c)  +  2  CO  (g) 

is  calculated  to  be  162,616  +  390  cal.  The  uncertainty  in  AH—  includes 
only  the  scatter  in  the  experimental  values  of  the  vapor  pressure  of  CO 
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above  Zr02-C-ZrC  but  does  not  include  the  uncertainties  in  the  values  of 

the  free  energy  function.  Again  using  the  available  heats  of  formation  of 

CO^  and  ZroJ^,  AH.  of  ZrC  ,  .  was  calculated  to  be 
2  f,  st  ~  i.  o 

-46,  050  cal/g-atom  Zr,  which  is  in  reasonable  agreement  with  the  cal- 
orimefic  value  and  the  values  derived  from  vapor  pressure  data. 

Kutsev,  Ormoni.and  Epelbaum^"^ 

studied  the  same  equilibrium  over  the  temperature  interval  1814  -  2020*K» 
but  found  the  vapor  pressure  of  CO  only  about  half  the  value  reported  by 
Prescott.  From  X-ray  and  chemical  analysis,  Kutsev,  et.al.  concluded 
that  they  were  studying  the  reaction: 

ZrOz  (c)  +  2.63  C  (gr)  -  ZrCejl  Oo  oa  +  1.92  CO  (g) 
Recently,  Hollahan  and  Gregory 

measured  the  equilibrium  vapor  pressure  of  CO  above  ZrO^-C-ZrC  over 
the  temperature  Interval  1422  -  152Q*K  using  the  torsion  effusion  technique. 
Using  the  Second  Law  treatment  of  their  data,  Hollahan  and  Gregory^^ 
obtained  a  value  of  147,  000  cal  as  the  apparent  heat  of  reaction  between 
Zr02  and  graphite  to  form  ZrC  and  CO.  The  value  of  147,  000  cal  is  much 
different  from  the  value  obtained  from  Prescott's  data.  Since  the  individual 
experimental  data  were  not  tabulated  in  the  original  paper  of  Hollahan  and 
Gregory,  a  Third-Law  treatment  of  their  data  was  not  made. 

In  view  of  the  discrepancy  between  the 
three  different  equilibrium  measurements,  the  heat  of  formation  of 
ZrC^  derived  from  the  equilibrium  data  was  not  considered  in  the  final 
selection  of  thermodynamic  data  of  ZrC^j 
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(5) 


Vapor  Pressure  Data 


Pollock^  ^  measured  the  vapor  pres¬ 
sure  of  zirconium  over  ZrC  and  graphite  using  a  Knudsen  cell  over  the 

temperature  interval  2620  -  2730*K.  Using  the  values  of  the  free  energy 

(4) 

function  given  in  JANAF  Thermochemical  Tables  ,  the  heat  of  vaporization 
of  ZrC^>l  g  at  298.15*K  was  calculated  to  be  192,  300  1000  cal/  g-atom  Zr . 

Knowing  the  heat  of  vaporization  of^zir  conium, 


AH,  ,  -  -46 ,  500  +  200  cal/ g  -atom  Zr 

I,  st  — 

was  obtained  for  ZrC  ,  .  . 

'vj,  0 


Pollock^ a^o  studied  the  vaporiza¬ 
tion  of  ZrC^t  to  gaseous  zirconium  and  carbon  over  the  temperature 
interval  2640  -  2745*K  using  the  Langmuir  method.  The  heat  of  vapori¬ 
zation  of  ZrC^  Q  in  this  case  was  calculated  to  be  363,  770  +_  700  cal/g-atom  Zr. 
This  result  yielded  AH,  =  -  47,  060  +  1870  cal/g-atom  Zr  for  ZrC  , 

t,  st  —  “V  1. o 


Coffman,  Klbler,  Lyon, and 

( 1 3) 

Acchione  studied  the  vaporization  of  ZrC^j  over  the  temperature 
interval  2351  -  2898  *K  using  the  Langmuir  method.  The  standard  heat  of 

vaporization  of  ZrC^(  was  calculated  to  t>e  363,497  +  1550  cal/g-atom  Zr, 
in  good  agreement  with  Pollock's  Langmuir  result.  Again  using  the  avail¬ 
able  heats  of  vaporization  of  zirconium  and  carbon, 


AH,  -  -  46,  SIC  +  2300  cal/g-atom  Zr 
f,  st  —  6 

was  obtained.  Coffman,  et.al.  concluded  that  ZrC^  vaporized  congruently 
based  on  the  fact  that  the  lattice  parameter  of  ZrC  remained  constant 
with  the  amount  of  material  vaporized. 
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Using  the  resonance -line  absorption 


technique,  Coffman,  et.al.^^  found  the  vapor  pressure  of  Zr  over 

ZrC^j  „  and  graphite  at  2740*K  to  be  the  same  as  that  of  pure  Zr  at  2144*K. 

Knowing  the  vapor  pressure  of  Zr  over  ZrC  and  graphite  at  2740*K,  the 

standard  heat  of  vaporization  of  ZrC  at  298-  15*K  was  calculated  to  be 

192,430  cal/g-atom  Zr,  again  in  good  agreement  with  Pollock's  Knudsen 

experimental  result.  From  this  value,  AH(  =  -  46,  630  cal/g-atom  Zr 

was  obtained  for  ZrC  .  ,  . 

*vi.  s 

The  uncertainties  associated  with  the 

calculated  heats  of  vaporization  of  ZrC^j  8  discussed  in  the  previous  sections 

include  only  the  scattering  of  the  individual  vapor  pressure  data,  while  the 

uncertainties  associated  with  the  derived  heat  of  formation  value  for  ZrC  , 

*'*t.  0 

include  the  uncertainties  In  the  vapor  pressure  data,  the  free  energy  func¬ 
tions  and  the  heats  of  vaporization  of  the  elements  involved. 

(6)  Calorimetric  Data 

Mah  and  Boyle^^  measured  the  heat 
of  combustion  of  ZrC^j  0  calorlmetrically  and  obtained 

AH-  t  -  -  44,100  +  1500  cal/g-atonl  Zr . 

I*  St 

The  ZrC^j  #  sample  was  prepared  by  directly  reacting  zirconium  with 
graphite  and  bad  an  unaccounted  impurity  of  0.78%  which  was  assumed  to  be 
nitrogen  and  oxygen. 

(27) 

More  recently  Mah'  redetermined 
the  heat  of  combustion  of  relatively  pure  ZrC^  sample  supplied  by 
Union  Carbide  Research  Institute  and  A .  D.  Little,  Inc.  The  combustion 
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results  from  the  two  different  samples  agreed  with  each  other  and  yielded 
AH,  =  -  47,000  +  600  cal/g-atom  Zr.  In  the  same  report,  Mah  also 
determined  the  heat  of  formation  of  ZrC0>7^9  to  be  -  33,100  +  800  cal/g-atom  Zr . 
The  discrepancy  between  the  two  different  calorimetric  measurements  is 
probably  due  to  the  unaccounted  impurities  in  the  sample  used  by  Mah  and 
Boyle. 

(7)  Selection  of  Enthalpy  and  Free 
Energy  Data 

The  heat  of  formation  of  ZrC  .  at 

~l.  0 

298 . 15*K  was' selected  to  be  -  46,  800  _+  1000  cal/g-atom  Zr  based  on  the 
following  five  values.  The  calorimetric  value  of  Mah  was  given  a  weight 
of  four  while  all  the  other  four  values  were  given  a  weight  of  only  one. 


Investigator 

Mah 
Pollock 
Pollock 
Coffman,  et.al. 

Coffman,  et.  al. 
Selected  Value 


Method  AH, 

-  *■ st 

Combustion  Calorimetry  -  47,  000  _+  600 

Knudsen,  2620  -  273*K  -  46,  500  +  2000 

Langmuir,  2647  -  2673*K  -  47,  060  +  1900 


Resonance -line  Absorption 

2740*K  -46,630 

Langmuir,  2246  -  2898  *K  -  46,  810  ±  2300 

-  46, 800  +  1000 


Using  the  selected  value  of  AH, 

*  f,  st 

for  ZrC^  t  ,  and  the  available  free  energy  functions  of  ZrC^  1  #  ,  Zr  and 
graphite,  the  Gibbs  free  energy  of  formation  of  ZrC^t  0  was  calculated. 
The  calculated  AG^  values  as  a  function  of  temperature  were  fitted  to  three 
linear  equations  and  these  equations  are; 
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Zr  (a)  +  C  (g)  =  Zr #  (c) 
AO£i,H.i..i.4fk  =  -46,500  ,  1.61  7 
Zr  (p)  +  C  (gr)  »  ZrC^j  (c) 


A^f,n«i  -  tt*»*k  *  “47,  760  +  2.71  T 


Zr  (i)  +  C  (gr)  =  ZrC^,  9  (c) 


-UN‘k  "  “Sl*M0  +  4.34  7 


c .  Hafnium 

(1)  Low-7empcrature  Pat* 

We»trum^^  measured  the  low- 

temperature  heat  capacity  of  hafnium  over  the  temperature  interval 

5.82  -  348 .  55  *K  and  reported  tentative  value s  of  S  t  =  6.140  cal 'deg  g -atom 

and  Hfit-  Hq  =  1224 . 0  cal/g-atom . 

(2)  Hlgh-7emperatur e  Data 

(29) 

HawkinB,  Onlllon  and  Orr'  measured 
the  high-temperature  heat  content  of  hafnium  over  the  temperature  Interval 
298  -  1346 *K.  7he  sample  used  by  Hawkins,  et.al.  contained  2.8%  Zr, 
and  lees  than  a  total  of  0.055%  of  remaining  impurities,  principally  0.02%  Fe, 
0.010%  Ni  and  0.008%0.  7he  heat  content  values  of  hafnium  were  derived 
by  the  authors  from  the  measured  values  for  the  zirconium  impurity  assuming 
that  Kopp's  law  of  additivity  applied. 
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Since  there  ere  no  experiment*!  heat 


content  value*  of  hafnium  above  1346*K,  we  aiiumc  that  Y  a#  defined 
earlier  increaeee  linearly  with  temperature#  above  1346  *K  up  to  the 
a  (h<  ]»)  *->  p(bcc)  tranefor matlon  temperature  based  on  the  fact  that  Y 
varies  linearly  with  temperature  below  1346*K. 

The  a-fi  transformation  temperature 
is  not  well-established  at  the  present.  Recently  Rudy  and  co-worker e^ 
of  our  laboratory  determined  the  a transformation  temperature  and 
the  molting  temperature  of  hafnium  containing  four  atomic  percent  airconlum 
to  bo  2071  'K  and  2491  *K  respectively.  In  thia  evaluation  we  have  adopted 
three  values  as  the  transformation  and  melting  temperatures  of  pure  hafnium 
until  better  data  become  available.  Since  no  thermal  data  are  available 
for  the  I u,i  and  liquid  phases  of  hafnium,  w»  have  assumed  that  AS™  ^and 
AS|V  ~*  1‘  are  0, 9*>  and  2. 3  cal/deg  g-atum  respectively ,  and  thst  the  values 
of  C  for  the  be c  phase  and  liquid  phase  are  constant  and  equal  to  8,0  and 
8.0  cal/deg  g-atnm  respectively. 

The  calculated  high  •tempi ra tur  e 

thermal  properties  of  hafnium  sr*  reported  in  Table  1  and  the  estimated 
values  arc  parenthesised,  The  heat  content  of  o-Hf  over  the  temperatu’e 
Interval  298.  1  5  -  2073*K  ae  tabulated  may  be  represented  by  the  following 
analytical  expression  with  an  average  standard  deviation  of  0.6  cal/deg  g-atom 
and  a  maximum  deviation  of  1  cal/deg  g-atum  at  2073*K: 

.it  »  -i 

HT-H>t  -  S.  6776  T  ■*  0. 92474  x  id  T  -  0.030942  x  10  T  -1714.8 
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Table  1.  High-Temperature  Thermal  Properties  ol  Hafnium 


T'K 

C 

P  . 

H_-H  4 

T  et 

V9.t 

«» 

H 

O 

1 

log  P 

... 

298.  IS 

6.  IS 

mm 

0.  00 

10,41 

-101.48 

400 

6.34 

1.83 

10.65 

*  73. 35 

SOO 

6.  52 

3.26 

11.11 

-  57.52 

600 

6.70 

1939 

4.47 

11.65 

-  46.72 

700 

6.88 

2618 

6.  52 

12.19 

-  39.01 

800 

7. 06 

3316 

6.45 

12.71 

-  33.23 

900 

7,26 

4031 

7.29 

13.22 

►  28.74 

1000 

7.43 

4765 

8.  06 

13.71 

-  25.15 

1100 

7.61 

5517 

8.78 

14,17 

-  22.22 

1200 

7.79 

6217 

9.45 

14.62 

-  19.78 

1300 

7.9B 

7076 

10.08 

15.05 

-  17.71 

1400 

(8.16) 

(7884) 

(10.67) 

(15,45) 

•  15.94 

1600 

(8.15) 

(8710) 

(11.25) 

(15.85) 

-  14.41 

1600 

(8.53) 

(9655) 

(1192) 

(16.36) 

•  13.10 

1800 

(8.90) 

(11299) 

(12.82) 

(16.95) 

-  10.84 

2000 

(9.27) 

(11117) 

(13,77) 

(IV, 62) 

-  9.06 

207  3(a) 

(9. 36) 

(1)101) 

(14.11) 

207  3((J) 

(8.6) 

(15671) 

(15.01) 

(17,86) 

•  6  60 

2200 

(i.6) 

(16  763) 

^15.62) 

(18. 31) 

-  7,62 

2400 

(6.6) 

(18481) 

(16.27) 

(18.98) 

-  6.43 

249J((i) 

2491{/) 

(8.6) 

(8.0) 

(192 16) 
(24995) 

16.59) 

(18.09) 

(19.27) 

*  5.96 

2600 

(8.0) 

(25867) 

(19.23) 

(19.69) 

-  6.44 

2800 

(8.0) 

(27467) 

(19.81) 

(20.43) 

-  4.62 

3000 

(8.0) 

(29067) 

(20.38)  , 

(21,10) 

•  3,90 

I 


26 


(3)  Vapor  Pressure  Pat* 

Blackburn^^;  Panlah  and  Reif^^j 

and  Klbler,  Lyon,  Llnevaky  and  DeSantla^^  measured  the  vapor  pressure 
of  hafnium  using  the  Langmuir  method.  The  sample  used  by  Blackburn 
contained  466  ppm  O,  270  ppm  Zr  and  150  ppm  Nb;  the  aample  used  by 
Panlah  ,»nd  Relf  had  400  ppm  O;  and  the  aample  uaed  by  Klbler,  ct.al. 
contained  69  ppm  Q,  81  ppm  N,  3  ppm  H,  1.93%  Zr  and  trace*  of  Te,  Mg 
and  Tl  • 

Application  of  the  Third  Law  teat  to 
the  vapor  pressure  data  yielded  the  following  heat*  of  vaporisation  of 
hafnium: 

Investigator 

Blackburn,  2200  -  2363'K 
l’anlah  and  Half,  2066  -  2 2  M  ’ K 
Klb’er,  et . *1 . ,  2035  -  2325*K 

.Selected  Value 

The  aelected  value  of  AH  .  la  the 

V  i  11 

average  of  the  flret  and  third  valuea  with  an  estimated  uncertainty  of 

2500  cal/g-atom,  The  uncerlaintle*  associated  with  the  individual  valuea 

Ini  lode  only  the  at  alter  of  the  vapor  preaeure  data,  but  du  nut  Include  the 

um  erlalnlles  of  the  free  energy  funrtlone. 

llaing  thla  value  of  AH  the  valuea 

v,  at 

of  the  free  energy  function  lor  the  condenaed  phaae  In  Table  1,  and  those  for 


AH 


v,  et 


149,200  ±  650 
145, 590  i  1400 

•a* 

146,  100  1  300 

we 

146,650  4  2500 
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th«  gas  phase  fro m  Hultgran,  st.al.^,  the  values  of  the  log  P  were  calcu¬ 
lated  and  are  tabulated  in  Table  1. 

d.  Hafnium-Carbon  f  /etem 
(1)  Phaee  Diagram 

The  phaee  diagram  ae  shown  In 
Figure  i  was  established  by  Rudy^  and  co-workers.  In  contrast  to 


.Figure  3.  The  Phase  Diagram  of  the  Hafnium -Carbon  System 

titanium-carbon  and  zirconium-carbon  systems,  the  addition  of  carbon 
atoms  to  a-Hf  stabilizes  the  a-terminal  solid  solution  to  high  temperatures 
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where  the  pure  a-Hf  le  unstable  with  reepect  to  the  j3-Kf,  The  only 
intermediate  phase,  hafnium  carbide,  exists  over  k  wide  range  of  homo* 
genelty  and  melts  congruently  at  3928 'C  with  a  composition  of  48.5  atomic  % 
carbon. 

(2)  Low- Temperature  DaU 

<281 

Westrumv  measured  the  low- 

temperature  heat  capacity  of  HfC^j  Q  over  the  temperature  interval 
5.  09  -  350.  0*K.  The  sample  was  prepared  by  arc-melting  in  an  atmos¬ 
phere  of  argon  containing  3.  14%  ethylene  and  11.4%  hydrogen.  From  the 
heat  capacity  data,  Westrum  reported  a  tentative  value  of 

Sgt  «  9.431  cal/deg.  g-atom  Hf. 

Using  the  entropy  of  Hf  selected  in  the  previous  section  and  the  entropy 
of  graphite  from  JANAF  Thermochemical  Tables, 

ASj  =  -  2. 34  +_  0,  05  cal/deg  g-atom  Hf 

was  obtained. 

(3)  High-Temperature  Data 

The  high-temperature  values  selected 
for  HfC^j  0  are  based  on  the  heat  content  of  Coffman,  et.al.^*^  over  the 
temperature  interval  440  -  1378  *K,  and  of  Levinson^^  over  the  temperature 
interval  1286  -  2805  *K.  The  selected  values  join  smoothly  with  the  low- 
temperature  heat  capacity.  The  daU  of  Coffman,  et.al,  scatter  by  about 
+,  3%  above  800*K,  but  scatter  much  more  below  this  temperature,  while 
the  data  of  Levinson  scatter  by  about  only  +  1%. 
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The  sample  used  by  Coffman,  et.al. 

had  the  following  Impurities:  0.39%  free  C,  0.05%  N,  0.011%  H,  4.0%  Zr, 
0.01%  Fe.  and  0.005%  T1  and  the  heat  content  values  were  corrected  for  the 
zirconium  Impurity.  On  the  other  hand,  the  sample  used  by  Levinson 
was  much  purer,  containing  only  100  ppm  Fe,  less  than  500  ppm  free  C, 
and  leaa  than  400  ppm  Zr,  and  consequently  no  correction  in  the  measured 
heat  content  values  was  necessary. 

Neel^  also  measured  the  heat  con¬ 
tent  of  HfC  (purity  unknown)  over  the  temperature  interval  540  -  3016  *K, 
but  his  data  scattered  wildly  over  the  whole  temperature  range  and  were 
not  considered  in  the  selection. 

Based  on  the  selected  values  of  Y, 

the  calculated  high -temperature  thermal  properties  of  HfC^  are  reported 
in  Table  2,  and  the  heat  content  over  the  temperature  interval  298.  15  -  1000 *K 
may  be  represented  by  the  following  analytical  expression  with  an  average 
standard  deviation  of  10  cal/g-atom  Hf  and  a  maximum  deviation  of 
17  cal/g-atom  Hf  at  1QOO*K; 

HT'Hst  *  10,346  T  +  ll-245  *  10"4  T*+  2.0796  x  10*T  '  -  3881.0 

From  1000*K  to  30Q0*K,  the  heat  contonts  of  HfQ^  {  #  may  be  represented 
by  the  second  analytical  expression  below  with  an  average  standard  devia¬ 
tion  of  6  cal/g-atom  Hf  and  a  maximum  deviation  of  10  cal/g-atom  Hf  at 
2 100’K: 

HT"Het  "  U‘l96T  ♦  *  l<fV  -  3970.0 
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Table  2.  High-Temperature  Thermal  Properties  of  HfC 


298.15 

400 

500 


2600 

2700 

2800 

2900 

3000 


HT“Hst 


9068 

10333 

11601 

12881 

14170 

15478 

16791 

18114 

19451 

20803 

22163 

23545 

24933 

26338 

27748 

29178 

30612 

32059 

33512 

34992 


S„-S  * 
T  8t 


7.04 

8.77 

10.33 

11.76 

13,06 

14.26 

15.36 

17.37 

17.32 
18.21 

19.05 

19.85 

20.61 

21.33 

22.02 

22.69 

23.33 
23.95 

24.54 
25.12 


25.68 

26.22 

26.75 
27.26 

27.76 


9.43 
,.80 
10.  52 

11.35 
12.21 
13. 06 

13.88 
14.68 

15.44 
16.  18 

16.88 

17.55 
18.19 

18.81 

19-40 

19-97 

20. 52 
21.05 

21 . 56 
22.06 
22.54 
23.  CO 

23.45 

23.89 
24. 32 
24.73 
25.13 

25.53 


(4)  Reaction  Equilibrium  Data 

Zhelankin,  Kutaev  and 

studied  the  equilibrium  HfOj-C -HiCj^jOg  es -CO  over  the  temperature 
interval  1743  -  20Q3*K.  Since  there  is  reliable  calorimetric  value  for 
HfQ^  fl  ,  we  have  not  evaluated  the  equilibrium  data  of  Zhelankin,  et.al. 
Moreover,  this  kind  of  measurement  did  not  yield  any  reliable  thermo¬ 
dynamic  data  for  TIC  and  ZrC  as  discussed  in  the  previous  sections. 

Rudy  and  Nowotny^^  evaluated  the 
Hf-Ta-C  phase  diagram  thermodynamically  at  2 123 *K  and  obtained 
AGp^  zizj»k  ■  “  8^00  cal/g-atom  Hf  for  the  following  reaction: 

TaC0j2  <sb>  +Hf  <ss>  =  HfCo.i2  <8S>  +  Ta  <ss> 

(5)  Vapor  Pressure  Data 

Blackbux n^^  studied  the  vaporization 
behavior  of  HfC3i97  by  Langmuir  method  and  reported  tentative  vapor  pres¬ 
sure  data  at  two  temperatures,  2800  and  2890*K.  The  Third  Law  test  of 
his  data  yielded  AH^  g4.  =  369,  790  cal  +  1630  cal/g-atom  Hf.  As  pointed 
out  by  Blackburn,  because  of  possible  temperature  errors,  there  is  an 
uncertainty  of  _+  7  kcal  in  the  heat  of  vaporization  value. 

Coffman,  Kibler,  Lyon  and  Acchione^1^ 
measured  the  vapor  pressures  of  Hf  and  C  above  HfC  over  the  temperature 
interval  2313  -  3145*K.  The  sample  was  the  same  one  they  used  to  measure 
the  heat  content  of  HfC  as  discussed  in  the  previous  <ection.  The  Third 
Law  treatment  of  their  data  yielded  AH  ,  =  379,  470  +  2500  cal/g-atom  Hf. 

V|  8t  — 

Aga  in  the  uncertainty  included  ouly  the  scattering  of  the  vapor  pressure 
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data  and  did  not  include  the  uncertainties  in  the  values  of  the  free  energy 
function.  Using  the  value  of  AH^  for  Hf  selected  in  this  compilation  and 
that  for  graphite  from  JANAF  Thermochemical  Tables,  we  obtained 
AH{  =  -59,900  cal/g-atom  Hf  for  HfC  .  This  value  is  much  more  exo¬ 
thermic  than  the  direct  calorimetric  value.  We  believe  the  value  derived 
from  the  vapor  pressure  data  to  be  in  error  since  there  are  uncertainties 
not  only  in  the  vapor  pressure  data  of  HfC  and  Hf,  but  also  in  the  high- 
temperature  thermal  properties  of  pure  hafnium. 

(6)  Calorimetric  Data 

(2  7) 

Mah  determined  the  heat  of  forma¬ 
tion  of  HfC^j  by  combustion  calorimetry.  The  sample  used  by  Mah 
was  supplied  by  L.  A.  McClaine  and  had  the  following  chemical  analysis: 
93.84%  Hf,  6.02%  combined  C,  0.06%  free  C,  0.035%  Zr,  0.031  N, 
0.005%Fe,  0.003%  0,  0 . 002%  each  of  SI  and  Ti  and  0.  001%  each  of  Cu,  H, 
Mg  and  Mn.  The  heat  of  formation  of  HfQ^  j  obtained  by  Mah  is 
-  52,300  +  400  cal/g-atom  Hf. 

(7)  Selection  of  Enthalpy  and  Free 
Energy  Data 

The  heat  of  formation  of  ,  0 

at  298 . 1  5  *K  was  selected  to  be  -52,  300  %15l/U  cal/g-atom  Hf  based  solely 

on  the  calorimetric  value.  With  this  value  of  AH,  for  HfC  .  and  the 

f ,  s  t  ’*•1 .  # 

available  free  energy  functions  of  HfC%I  ,  Hf  and  graphite,  the  Gibbs 
free  energy  of  formation  of  HfC^j  #  was  calculated.  The  calculated  AGj 
values  as  a  fui  ;tion  of  temperature  were  fitted  to  three  linear  equations 
and  these  equations  are: 
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(C) 


Hf  (a)  +  C  (gr) 


itfclf  -  »T>‘k 

Hf(p)  +  C  (gr) 

AGf,  -  14  ti  *k 


HfG..o 

-  52,  350  +  2.08  T 

(c) 

-  55,630  4  3.66  T 


Hf(l)  4C  (gr)  *  HfC^,  fi  (c) 


AO 


i, 


liti  -  Mte*k 


-  60,  730  +  5.71  T 


2 .  Group  V  Metal  Carbon  Sytteme 

In  addition  to  forming  the  mono  car  bid*  (B  1  typ*), 
the  three  group  V  motale,  vanadium,  niobium,  and  tantalum  form  a  second 
intermediate  phase  with  carbon  having  a  *1 olchiomatrlc  competition  cor¬ 
responding  to  MaaC  phato.  While  tht  range  of  homogeneity  in  the  mono- 
carbide  phaaee  le  comparable  to  that  of  the  group  IV  carbide*,  the  homo* 
geneou*  range  in  the  tuhcarbiil*  1*  relatlveiv  narrow  in  the  lower  tout  - 

peratupe  range, 

For  niobium  carbon  and  tantalum -ca rbon  eyeteme, 
there  1*  a  high-temperature  polymorphic  form  of  the  pliaae  whose  range 

of  homogeneity  ia  rather  large^,  Between  the  Me(C  end  MeC  phases, 
thero  alao  r  %  ineiastabls  (  phaee, 

e.  Vanadium -Carbon  fiyetem 
( 1 )  3'hasu  Diagram 

The  phate  diagram  ae  shown  in 
Figure  4  wa*  eatabliehed  by  Storms  and  McNeal^^, 
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Figure  4.  The  Phase  Diagram  of  the  System  Vanadium-Carbon 

(2)  Low-Temperature  Data 

S  hornate  and  Klng^®^  measured 

the  Juw-tumperatur e  heat  capacity  ofV(^,,87  over  the  temperature  interval 
bl.b  -  «197.9*K.  The  sample  wan  prepared  by  heating  vanadium  containing 
8%  carbon  and  Norblack  in  vacuum  at  1300  to  1350*C  for  a  total  of  twenty- 
mik  hours,  CHnminl  Analysis  of  the  sample  showed  80.98%V  and  19.04%C 
which  correspond  to  the  stoichiometric  composition.  However,  according 
to  the  recently  established  phase  diagram  of  Storms  and  McNeal,  it  is  not 
possible  to  liave  VC^  with  a  value  of  x  greater  than  0,88.  Based  on  the 
presently  accepted  phase  diagram,  the  sample  used  by  Shomate  and  King 
must  have  consisted  of  VC#i*7  and  free  graphite,  After  subtracting  the 
<  oiitr lbutlou  of  the  free  graphite  from  liie  total  heat  capacity  and  entropy  of 
tin  sample,  the  standard  entropy  of  VCW|I7  was  found  to  be 
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6. 59  +_  0.  1  cal/deg  g-atom  V.  Using  the  value  of  Sgt=  6.88  0.05  cal/ deg  g-atom 

(391 

for  V  as  reported  by  Biegan.sk!  and  Stalinski  and  that  of  graphite  from 
JANAF  Thermochemical  Tables,  AS^  gt=  -  1.4?  +  0.12  cal/deg  g-atom  V. 
was  obtained. 

(3)  High-Temperature  Data 

King^*^  measured  the  high-tempera¬ 
ture  heat  contents  of  VC0>j7  over  the  temperature  interval  39?.  2  -  1611  *K. 

The  sample  used  was  the  same  one  used  by  Shomate  and  Kelley  for  the 
determination  of  the  low-temperature  heat  capacities.  Assuming  that  the 
sample  consisted  of  VC0>rr  and  free  carbon,  the  high -temperature  thermal 
properties  were  calculated  and  are  summarized  in  Table  3.  The  heat  con¬ 
tents  of  VCjj.st  over  the  temperature  interval  298. 15  -  2000*K  as  reported 
in  Table  3  may  be  represented  by  the  following  analytical  expression  with 
an  average  standard  deviation  of  32  cal/g-atom  V  and  a  maximum  deviation 
of  75  cal/g-atom  V  at  4Q0"K; 

H_-H  .  =  10.  547  T  +  0.81848  x  loV  +  4.  1753  x  10*  T  -4612.8 
r  st 

(4)  Reaction  Equilibrium  Data 
Worrell  and  Chlpman^^  studied  the 

equilibrium  VjOj-V  (C,0)x-C-CO  over  the  temperature  interval  1200  - 
1350*K,  with  a  value  of  x  varying  between  0.88  and  1.2.  The  values  of  x  in 
the  equilibrium  phare,  which  affects  the  derived  enthalpy  and  free  energy 
data  for  the  monocarbide  phase,  could  not  be  aecertained  in  the  experiments. 
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Table  3.  High-Temperature  Thermal  Properties  of  VC^ 


T  *K 

C 

P 

HT-Hst 

VSst 

GT'Hst 

r- 

298.15 

7.70 

0 

0.00 

0.59 

400 

8.82 

858 

2.46 

6.90 

500 

9.54 

1776 

4.51 

7.55 

600 

10.11 

2747 

6.27 

8.28 

700 

10.60 

3722 

7.86 

9.06 

800 

11.04 

48  52 

9.30 

9.82 

900 

11.45 

5978 

10.63 

10.58 

1000 

11.80 

7143 

11.85 

11.30 

1100 

12.04 

8336 

12.99 

12.00 

1200 

12.33 

9556 

14.05 

12.68 

1300 

12.53 

10804 

15. 04 

13.32 

1400 

12.70 

12071 

15.98 

13.95 

1500 

12.86 

13357 

16.87 

14.  56 

1600 

12.98 

14651 

17.71 

15.  14 

1700 

13.10 

15954 

18.50 

15.71 

1800 

13.20 

17267 

19.25 

16.25 

1900 

13.28 

18590 

19.97 

16.78 

2000 

13.36 

19921 

20.65 

17.28 

(42  43) 

Alekseev  and  Schvartsman'  ’  ' 

studied  the  equilibria  V  C-H  -CH  -V  and  V\C.  -V, C-H  -CH  over  the 

n  224  43224 

temperature  interval  973  -  1273*K.  Using  the  Gibbs  free  energy  of  forma¬ 
tion  of  CH*  reported  by  Richardson^^,  they  derived  AG^  y  -  11.500-0.49T 

and  AG,  =  -10,800  -  1.1T.  These  values  are  much  less  exothermic 

*»  »  ^c.  75 

than  expected  when  compared  with  the  direct  calorimetric  value  of  VC0.g7 
and  with  the  heats  of  formation  of  NbC  and  TaC  where  the  data  are  well- 
established.  The  reason  for  the  discrepancy  between  the  equilibrium  and 
calorimetric  data  are  not  understood. 
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It  is  worthwhile  to  point  ovt  that 

vanadium  carbides  ai  a  known  to  form  solid  solutions  with  vanadium 

nltrides^^  and  with  vanadium  oxides^^,  and  one  vuspacta  that  vanadium 

carbides  may  also  take  hydrogen  into  solution.  The  presence  of  hydrogen 

will  complicate  the  analysis  of  the  equilibrium  measurements. 

{47) 

Rudy  evaluated  the  ternary  phase 
diagrams  V-Mo-C  and  V-W-G  thermodynamically  and  obtained  the  follow¬ 
ing  thermodynamic  information: 

AG,  „  -  AG,  =  4600  +  350  cal  at  1800’K 

f.MoCj/j  f.VCl/z 

AG,  -  AG,  =  7500  +  300  cal  at  1750*K 

f,WC1/2  f»VCl/2 

iGf.MoC-4Gf.VC=  U.W0«1«J000»K 

and  AGf  W(_  -  AGf  vc  =  13,200+  650  cal  at  2050»K 

All  the  above  MeC  and  Me^  phases  refer  to  metal-rlch  compositions. 

(5)  Vapor  Pressure  Data 

Fujishiro  and  Gokcen^^  'neasured 

the  vapor  pressure  of  vanadium  over  VC  and  graphite  over  the  temperature 
interval  2346  -  2545*K  using  the  Knudsen  technique.  The  Third  Law 
evaluation  of  their  data  yielded  ^ =  -  22,  700  +_  5000  cal/g-atom  V . 
Since  the  weight  loss  of  the  empty  Knudsen  cell  in  their  experiment  was 
large  in  comparison  to  the  actual  weight  loss  of  the  sample,  their  results 
are  viewed  with  doubt. 


38 


(6)  Calorimetric  Data 


(49) 

Mah'  determined  the  heat  o £  forma¬ 
tion  of  VC  by  combustion  calorimetry.  The  sample  used  by  Mah  was  pre¬ 
pared  by  carbon  reduction  of  vanadium  pentoxide  at  1000  -  1100*C.  Chemical 
analysis  of  the  prepared  sample  showed  80.22  %  V,  18. 32 %C  and  0.28% 
insoluble  material.  According  to  the  author,  the  sample  consisted  of  98.02% 
VC,  3.7%V2C>3  and  0. 28%  inert  mater  ial .  As  discussed  earlier ,  the  VC 
phase  extends  to  VC0-8g  only,  and  therefore  the  sample  must  also  have  con¬ 
tained  free  graphite.  From  the  combustion  calorimetry,  Mah  obtained  a 
value  of  -24,  350  +_  400  cal/g-atom  V. 

(7)  Selection  of  Enthalpy  and  Free 

Energy  Data 

The  heat  of  formation  of  VQ^  q  37  at 

298 . 1  5 °K  was  selected  to  be  -24,  350  _+  2000  cal/g-atom  V  based  on  the 
calorimetric  value  of  Mah.  With  the  selected  value  of  AH^  gt  for  VC^  0. 37  > 
and  the  available  free  energy  functions  of  VC0>g7  ,  vanadium,  and  graphite, 
the  Gibbs  free  energy  of  formation  of  VCo  g7  was  calculated.  The  calculated 
AGj-  values  as  a  function  of  temperature  were  fitted  to  a  linear  equation  and 
this  equation  is: 


V  (cK0.87  C  (gr)  -  VCo.37  (c) 

2^8.15  -  zuoo’k  ~  "  24,  300  +  1.44  T 
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b. 


Niobium-Carbon  System 


(1)  Phase  Diagram 

The  phase  diagram  as  shown  in 

Figure  5  is  based  on  the  work  of  Storms  and  Krikorian^^.  However, 
preliminary  experimental  investigation  of  this  system  in  our  own  laboratory 


0  0.1  0.2  0. 3  & 4  a  5  0.6  0.7  0.8  09  1.0 
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Figure  5.  The  Phase  Diagram  of  the  System  Niobium -Carbon 

indicates  that  the  high-temperature  phase  relationships  are  much  tm>re 
complicated  than  this  phase  diagram  suggests.  In  fact,  the  pliase  dlsgfain 
is  anticipated  to  be  similar  to  that  of  the  tantalum -carbon  system  which 
has  been  firmly  established  by  us  and  which  will  be  discussed  In  Ihs  section 
on  Tantalum -Carbon  Syetem. 
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(2)  Low- Temperature  Data. 

Pankratz*.  .feller ,  and  Kelley^3^ 

measured  the  low  temperature  heat  capacity  of  NbC,^  Q  over  the  tempera¬ 
ture  interval  51.96  -  296. 1*K.  The  sample  used  was  supplied  by 
Union  Carbide  Corporation.  Analysis  of  the  sample  showed  88.17%  Nb, 

11.74%  total  C,  0.39%  free  C,  <0.05%  N,  0.03%O»  0.02%  Ti,  0.006%Ag 
and  0.002%  Mn.  Integration  of  the  values  of  the  heat  capacity  after  cor¬ 
recting  for  the  presence  of  0.  39%  free  carbon  yielded  the  value  of 

=  8.46  _+  0.05  cal/ deg  g-atom  Nb.  Usi;  g  the  available  entropy  of  niobium^ 
and  of  graphite'  ,  A m  1*60  jf  0. 1  cal/ deg  g-atom  Nb  was  obtained. 

(3)  High -Temperature  Data 

The  high-temperature  values  selected 

for  NbQ^  j  Q  were  based  on  the  heat  content  of  Pankratz,  Weller  and  Kelley^3^ 
over  the  temperature  interval  398.5  -  1802.  3*K;  of  Gel'd  and  Kussenko^53^ 
over  the  temperature  interval  298  -  1800*K;  and  of  Levinson^54^  over  the 
temperature  interval  1289  -  2778 *K.  The  selected  values  also  join  smoothly 
with  the  low-temperature  heat  capacity.  The  data  of  Pankratz,  et.al. 
scatter  less  than  4  0.5%  about  the  selected  curve.  From  1300  to  1800*K, 
the  data  of  Levinson  are  lower  than  the  selected  values  by  as  much  as  2%. 
Above  1800 *K  the  data  of  Levinson  joins  smoothly  with  the  data  of 
Pankratz,  et.al.;  and  with  those  of  Gel'd  and  Kussenko  to  form  the  selected 
curve  with  a  scatter  of  +  1%. 

From  600  to  670*K,  the  data  of 

Pankratz,  et.al.  showed  a  small  anomaly  whose  origin  is  not  known.  For 


41 


i 


conwrrier.ee  r.  ie  authors  treated  this  anomaly  as  an  isothermal  transforma¬ 
tion  a.  630°K  with  a  small  heat  effect  of  40  cal/g-atom  Nb.  For  lack  of 
other  •  videm  to  support  this  phenomenon,  and  because  of  the  fact  that 
the  heat  effec is  a  small  quantity,  we  have  assumed  that  NbC  does  not  go 
through  a  pha  ;e  transformation  at  670*K. 

Based  on  the  selected  values  of  Y 
and  Sc;.»  the  r  .Iculated  high -temper  ature  thermal  properties  of  NbC ^  0 
are  reported  n  Table  4.  The  tabulc  ed  heat  content  of  NbC^LQ  over  the 
ten  ge' ature  nterval  298.15  -  3000  ”  may  be  represented  by  the  following 
analytical  expression  with  an  averag  standard  deviation  of  13  cal/g-atom  Nb, 
and  with  a  maximum  deviation  of  50  ca  l/g-atom  Nb  at  3000  *K: 

H_-H  =  11.366T  +  0.55871x  10”3T2  +  2.6854  x  10ST  -  4340.1 
T  st 

(53) 

Gel'd  and  Kussenko*  '  also  measured 
the  heat  contents  of  NbC0,s67»  NkCo.749,  and  NbC^,*,  over  the  temperature 
interval  298  -  1800*K,  and  gave  the  following  equations  to  represent  their 


data: 

-3 

2 

s  -1 

NbC0>  8^7 

HT"Hst  =  9.70  T  +  0.995  x 

10 

T 

+  1.51 x  10  T 

-  3485 

-3 

z 

5  -1 

NbC„  749 

H_-H  *  =  8.95  T  +  1.127  x 

T  St 

10 

T 

+  1.26  x  10  T 

-  3190 

-3 

2 

5  -1 

-  2776 

NbC0>S0 

H_-H  .  =  7.94  T  +  0.  750  x 
T  st 

10 

T 

+  1.025  x  10  T 

(4)  Reaction  Equilibrium  Data 

(41) 

Worrell  and  Chlpman*  '  studied  the 
equilibrium  NbO,-G-NbC-CO  over  the  temperature  interval  1175  -  1261  *K, 
and  obtained  AGD  =  100,400  -  80.3  T  for  the  reaction: 


Best  Available  Copy 
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Table  4.  High -Temperature  Thermal  Properties  of  NbC 

'V 1.  0 


T*K 

C 

_ E _ 

ST"Sst 

acp 

298.15 

8.82 

0 

0.00 

8.46 

0.  90 

400 

10.05 

966 

2.78 

8.82 

1. 14 

500 

10.78 

2009 

5. 10 

9.54 

1.12 

600 

11.33 

3117 

7. 12 

10.39 

1.05 

700 

11.66 

4266 

8.89 

11.26 

0.88 

800 

11.90 

5445 

10.47 

12.12 

0.72 

900 

12.07 

6643 

11.88 

12.96 

0.57 

1000 

12.22 

7859 

13  .16 

13.76 

0.44 

1100 

12.38 

9088 

14.33 

14.53 

0.36 

1200 

12.52 

10332 

15.41 

15.26 

0.27 

1300 

12.66 

11591 

16.42 

15.96 

0.21 

1400 

12.79 

12862 

17.36 

16.63 

0. 17 

1500 

12.92 

14146 

18.25 

17.28 

0.14 

1600 

13.04 

15450 

19.09 

17.89 

0. 12 

1700 

13.16 

16766 

19.89 

18.48 

0.09 

1800 

13.26 

18091 

20.64 

19.05 

0.  06 

1900 

13.38 

19426 

21.36 

19.60 

0.  05 

2000 

13.50 

20766 

22.05 

20.13 

0.04 

2100 

13.61 

22116 

22.71 

20.64 

0.04 

2200 

13.73 

23480 

23.35  * 

21.13 

0.04 

2300 

13.86 

24857 

23.96 

21.61 

0.  04 

2400 

13.98 

26250 

24.55 

22.07 

0.05 

2500 

14.12 

27655 

25.12 

22.52 

0.08 

2600 

14.27 

29082 

25.68 

22.96 

0. 12 

2700 

14.42 

30523 

26.23 

23.38 

0. 15 

2740 

14.48 

31109 

26.44 

23.55 

2800 

14.58 

31974 

26.75 

23.80 

2900 

14.76 

33442 

27.27 

24.20 

3000 

14.94 

34927 

27.77 

24.59 
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NbOz  (c)  +  3  C  (gr)  =  NbC  (c)  +  2  CO  (g) 


Using  the  free  energy  of  formation  equations  for  NbO  and  CO^, 

Worrell  and  Cbipman  obtained  the  following  expression  for  the  free  energy 
of  formation  of  NbQ,  2  Q  over  the  temperature  interval  1175  -  1261 °K: 

AG^  =-31,  100  +  0.4  T  cal/g-atom  Nb.  From  the  AG^  equation  for  NbC  ^  Q  , 
and  from  the  available  thermal  data,  one  obtained 

AH,  .  =  -31,  800  +  900  cal/g-atom  Nb 

for  NbC^  j  Q 

(47) 

Rudy'  '  evaluated  the  Mo-Nb-C  phase 

diagram  thermodynamically  at  2170*K»  and  obtained  AGz  2i7o*k=  70)  cal 

for  the  following  reaction: 

NbC0.5  <ss>  =  0.695  NbC0.72<ss>+  0.305  Nb  <ss> 

(5)  Vapor  Pressure  Data 

Fries^^  studied  the  Langmuir  vapori¬ 
zation  of  NbCx  over  the  temperature  interval  2260  -  2940*K.  He  found 
that  NbCx  lost  carbon  preferentially  down  to  NbC0t75  ,  at  which  composition 
the  vaporization  proceeds  congruently  at  2940*K. 

(6)  Calorimetric  Data 

The  heats  of  formation  of  both  the  NbC 
and  Nb2C  phases  have  been  determined  using  the  combustion  calorimetry 
by  Mah  and  Boyle^^;  Huber,  Head,  Holley,  Storms,  and  Krikorian^^; 
Kornikov,  Leonidov,  and  Skuratov^®);  and  Kussenko  and  Gel'd^5^ ,  The 
results  obtained  by  the  various  investigators  are  summarized  below: 
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Inve  stigator 

Mah  and  Boyle 
Huber,  et.al. 
Kornikov,  et.al. 
Kussenko  and  Gel'd 


Atomic  Ratio,  C  /  Nb 
0. 9445 

0.489  -  0.984 
0.931 

0.74  -  0.98 


AH,  ..cal 'a -atom  Nb 
i,  at  6 _ 

-  31,  750  jf  800 
See  Figure  6 

-  31, 000  +  600 
See  Text 


The  sample  used  by  Mah  and  Boyle 
was  prepared  by  direct  combination  in  vacuum  at  a  temperature  of 
2300  -  2400°C.  Chemical  analysis  of  the  sample  showed  10.82%  C,  89.10%  Nb, 
and  0.  08%  unaccounted  impurities  which  were  attributed  to  oxygen  and 
nitrogen.  The  maximum  impurities  in  any  of  the  samples  used  by  HuDer, et.al. 
were  <  0 .  1%  N,  <  0 .  18%  O ,  <  0 .  047%  H,  and  <  0.  03%  Fe .  The  heats  of  for  - 
mation  reported  by  Kussenko  and  Gel'd  were  about  1000  to  2000  cal/g-amm  Nb 
more  exothermic  than  the  values  obtained  by  Huber,  et.ai.  According  to 
Storms^^,  the  values  reported  by  Kussenko  and  Gel'd  may  be  in  error 
because  of  tire  presence  of  large  amounts  of  oxygen  in  their  sample. 

(7)  Selection  of  Enthalpy  and  Free  Energy 
Data 

Tne  selected  heats  of  formation  of  the 
NbC  and  the  Nb2C  phases  at  298.  15°K  as  a  function  of  composition  were 
based  on  the  calorimetric  values  of  Huber,  et.al,  ;  Mail  and  Boyle;  and 
Kornikov,  et.al.;  and  the  value  derived  from  the  equilibrium  measurements 
of  Worrell  and  Chipman,  as  shown  in  Figure  6.  The  selected  values  are; 
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Hf  kcalAj  -atom  Nb 


Figure  6.  The  Heats  of  Formation  of  the  Niobium  Monocarbide 


and  Subc  ar'oide 


Atomic  Ratio  C/Nb  AH,  ,  cal/g-atom  Nb 

1 1  S  fc 


v  l.oo 

-  32,800  + 

1200 

0.90 

-  32, 000 

0,80 

-  30, 500 

0.  70 

-  28, 200 

0.50 

-  22, 500  + 

1700 

Using  the  selected  value  of  AFL  ^ 

for  NbC  ,  and  the  available  free  energy  functions  for  NbC  ,  ,  Nb^ 

vi, o’  67  vl.O 

(4) 

and  C  ,  the  Gibbs  free  energy  of  formation  of  NbC  .  „  as  a  function  of 

6  7  v  i  #o 

temperature  was  calculated.  The  calculated  values  of  AG^.  as  a  function 
of  temperature  were  fitted  to  two  linear  equations.  These  equations  are 

Nb  (c)  +  C  (gr)  =  NbC^o  (c) 

298. i 5  -  27«  *k  =  -  32, 190+  0.  39  T 

Nb  (£)  +  C  (gr)  =  NbC^l  #  (c) 

AGf j 274Q  _  3000 °k  =  -  38,380  +  2.65  T 

c.  Tantalum-Carbon  System 

(1)  Phase  -  Diagram 

The  phase  diagram  as  shown  in 

Figure  7  is  based  on  the  recent  work  of  Rudy,  Brukl,  and  Harmon^^. 
Doth  the  a-TazC  and  (l-Ta2C  phases  have  the  same  arrangement  of  the 
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metal  lattice,  i.e.  hexagonal  close-packed,  but  the  structure  of  the 
metastable  t^-phase  has  not  yet  been  determined. 


Figure  7.  The  Phase  Diagram  of  the  Tantalum-Carbon  System 

(2)  Low-Temperature  Data 

Kelley^  ^  measured  the  low-tempera¬ 
ture  heat  capacity  of  TaC  over  the  temperature  interval  34  -  295<IK.  The 
sample  used  was  supplied  by  Fansteel  Metallurgical  Co.,  and  chemical 
analysis  of  the  sample  showed  4. 26%  C  aril  0.02%  impurities.  Integration  of 
the  iieat  capacity  yielded  the  value  of  S  10.  1  +  0.1  cal  deg  g-atom  Ta 
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for  TaC^  :  Q  .  Using  the  available  entropy  data  of  Ta^  and  of  graphite^, 
AS,  =  -1.18+0.15  cal/deg  g-atom  Ta  was  obtained. 

I  $  S  L 

(3)  High-Temperature  Data 

The  high-temperatur e  values  selected 

for  TaC^j  were  based  on  the  heat  content  measurement  of  Levinson^^ 

over  the  temperature  interval  1296  -  2843 *K  and  the  value  of  C  at 

P 

298.15°K  reported  by  Kelley^  .  The  heat  content  data  of  Mezaki,  Jambois, 
Gangopadhy,  and  Margrave^^  over  the  temperature  interval  476  -  1113*K 
were  higher  than  our  selected  value.  At  1113*K,  the  value  of  Y  as  report¬ 
ed  by  Mezaki,  et.al.  was  about  10%  higher.  We  believe  the  data  of 
Mezaki,  et.al.  are  in  error  since  the  extrapolation  of  their  data  to  higher 
temperature  would  lead  to  rather  large  values. 

The  calculated  high-temperature 

thermal  properties  of  TaG^^  ,  based  on  the  selected  values  of  Y  and  S  , 
are  reported  in  Table  5.  The  tabulated  content  of  TaC^  o  over  the  tempera¬ 
ture  interval  298.  15  -  1800°K  may  be  represented  by  the  following  analytical 
expression  with  an  average  standard  deviation  of  3  cal/g-atom  Ta,  and  a 
maximum  deviation  of  7  cal/g-atom  Ta  at  1800*K: 

HT-Hgt  =  10.  322  T  +  1. 0368  x  10  T  +  1.8902  x  10  T*  -  3803.4 

From  1800*K  to  3000*K,  the  heat  content  of  TaC  ,  may  be  reoresented 
by  the  analytical  expression  below  with  an  average  standard  deviation  of 
7  cal  g-atom  Ta,  and  a  maximum  deviation  of  12  cal/g-atom  Ta  at  2100*K: 

-3  2  S  4 

HT"Hst  =  20-144T  +  0-83838x  10  T+  98.683xlOT  -  2077.5 


49 


Table  5. 


High-Temperature  Thermal  Properties  of  TaC 


~  1  .  0 


T  ’K 

C 

H_-H  . 

T  st 

S^-S 

T  st 

°T-Hst 

A  C 

P 

T 

293. 1 5 

8.79 

0 

0.  00 

10.11 

0,69 

400 

9-93 

967 

2. 78 

10. 47 

0.86 

500 

10.  58 

1998 

5.08 

11.19 

0.  78 

600 

11.03 

3076 

7. 04 

12.03 

0.66 

700 

11.39 

4195 

8.77 

12.88 

0.  56 

800 

11.69 

5350 

10.  31 

13.73 

0.  50 

900 

11.96 

6576 

11.71 

14.  55 

0.48 

1000 

12.22 

7  7  48 

12.9» 

13.  34 

0.  50 

1100 

12.46 

8981 

14.16 

16.10 

0.  53 

1200 

12.71 

10236 

13.25 

16.83 

0.  59 

1300 

12.94 

11511 

16.27 

17.52 

0.66 

1400 

13.  16 

12813 

17.24 

18.19 

0. 74 

1500 

13.  39 

14134 

18.15 

18.83 

0.85 

1600 

13.3a 

1  5479 

19. 01 

19.45 

0.  93 

1  700 

13.  7o 

1  08  50 

19.85 

20.  04 

1 . 00 

18  00 

13.93 

18247 

20.64 

2 C .  04 

1 . 08 

1900 

14.07 

19671 

21.41 

21.17 

1.  12 

2000 

14.19 

21086 

22,  14 

21,71 

1.15 

2100 

14  28 

22541 

22.85 

22.23 

1 .  16 

2200 

14. 34 

23963 

23.  51 

27.  7  3 

1.15 

2  3  00 

14.  37 

25403 

24.15 

23. 22 

1 . 0° 

2400 

i  4  .  !0 

2o853 

L  4  .  «  i  | 

2  a .  0  9 

1  04 

2500 

14.42 

28303 

2  5.36  ! 

24.15 

0.99 

3000 

14.42 

35400 

27. 95 

26 . 2b 

0.60 

(4)  Reaction  Equilibrium  Data 

(41) 

Worrell  and  Chipman  studied 

the  equilibrium  Ta205-C  -TaC  -CO  over  the  temperature  interval  1265  - 

1366*K.  The  Third  Law  treatment  of  their  data  using  the  available  free 

energy  functions  for  CC>^4\  TaC,  and  Ta^  ^  yielded 

AH  =  286.  1  100  +  750  cal  for  the  following  reaction: 

R,  st  - 

TaOs  (c)  +  7  C  (gr)  =  2  TaC  (c)  t  5  CO  (g) 

The  uncertainty  assigned  to  AHR  gt  only  takes  account  of  the  scatter  in 
the  vapor  pressure  data  of  CO.  Using  the  available  values  of  AH^  gt  for 
CO*4'  and  Ta-jOs^3^,  the  heat  of  formation  of  TaC^  l  Q  was  calculated  to  be 
-35,300  +  1400  cal/g-atom  Ta .  Thermodynamic  evaluation  of  the  Ta-W-C 
phase  diagram  at  1963*K  by  Rudy^47^  yielded  AG2  j,7j’k  "  2100  cal  for 
the  following  reaction: 

TaC0.5  <ss>  =  0.633  TaC„.  79  <ss>  +  0.  367  Ta  <ss  > 

Similar  thermodynamic  evaluation  of  Hf-Ta-C  phase  diagram  by  Rudy  and 
Nowotny^3^  at  2123°K  yielded  AC^,  2k-  =  2500  cal  for  the  reaction: 

TaC0.s  <ss>  =  0.610  TaC0-82  <ss>  +  0.  390  Ta  <ss> 

These  two  values  of  AG^  are  in  reasonable  agreement. 

(5)  Vapor  Pressure  Data 

Hoch,  Blackburn  Dingledy,  and 

Johnstone‘S  measured  the  vapor  pressure  of  graphite  in  equilibrium  with 
TaC  over  the  temperature  interval  2275  -  3265*K.  Since  the  carbon 
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competent  at  the  carbon-rich  boundary  of  the  TaC  phase  is  in  eqxiilibrium 
with  pure  graphitet  they  essentially  measured  the  vapor  pressure  of 
graphite. 

(6)  Calorimetric  Data 

The  heats  of  formation  of  both  the 

TaC  and  Ta2C  phases  have  been  determined  using  combustion  calorimetry 
by  Humphrey^  Mah^^;  Huber,  Head,  Holley,  and  Bowman^^j 
Kornikov,  Leonidov,  and  Skuratov^^;  and  Smirnova  and  Ormont^^.  The 
results  obtained  by  the  various  investigators  are  summarized  below: 


Investigator  Atomic  Ratio,  G/Ta  AH^  gt>  cal/g-atom  Ta 


Humphrey 

Mah 

Huber,  et.al. 
Kornikov,  et.al. 
Smirnova  and  Ormont 


^  1.0 
^  1.0 

0.485  -  0.998 

0.982 

0.60  -  0.90 


-  38,  500+  600 

-  35,270  +  700 
See  Figure  8 

-  33,  700  +  1000 
See  text 


The  sample  used  by  Humphrey  con¬ 
tained  the  following  impurities:  0.27%  Nb,  0. 10%  Ti,  0.05%  Si,  0.01%  Fe, 
and  0.01%  Zr.  On  the  other  hand,  Mah  used  a  rather  pure  sample  which 
was  99.977%  TaC,  0.1%  TaO,  0.1%  TaN,  and  0.1%  free  carbon.  The  dis¬ 
crepancy  between  these  two  values  is  undoubtedly  caused  by  the  presence 
of  impurities  in  the  sample  used  by  Humphrey.  The  maximum  impurities 
present  in  any  of  the  samples  used  by  Huber,  et.al.  were:  <  0. 12%  free  C, 
<0.21%  N,  <  0.023%  O,  <  0.029%  H,  <0.12%Nb,  and<0.02%W. 
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Qccalfg  -atom 


The  heat  of  formation  of  the  TaC 

phase  reported  by  Smirnova  and  Ormont  was  about  a  few  kilocalories  less 

exothermic  than  the  values  of  Huber,  et.al.  The  discrepancy  is  probably 

due  to  the  inhomogeneous  alloys  used  bv  Smirnova  and  Ormont  as  pointed 

out  by  Huber,  et.al.  in  their  paper. 

(7)  Selection  of  Enthalpy  and  Free  Energy 
Data 

The  heats  of  formation  of  both  the 

TaC  and  Ta2C  phases  at  298.  15*K  as  a  func.'on  of  composition  were  selected 
based  on  the  calorimetric  -alues  of  Mah,  Huber,  et.al.,  and  Kor  nikov,  et .  al .  , 
and  the  value  derived  from  the  equilibrium  measurement  of  Worrell  and 
Cnipman,  as  shown  in  Figure  8.  The  selected  values  are: 

Atomic  Ratio,  C  Ta  AH^  cal  g -atom  Ta 

*-  1.0  -  35,  050  +_  1000 

0. 900  -  32, 500 

0.800  -  29, 500 

0.  725  -  27,  400 

0. 485  -  22, 900  +  1  700 

The  selected  values  of  AH,  ,  fov‘ 

1,  st 

the  TaC  phase  may  be  represented  by  the  following  analytical  expression: 

AHf  -  -  6,  840  -  28, 2fc0  x  in  cal,  g-atom  Ta 

t,  st 

where  x  is  the  atomic  ratio,  C  Ta. 
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With  this  selected  value  of  AH, 

f,  st 

for  TaC^j  ,  and  the  available  free  energy  functions  for  TaC,  C'  ,  and 
Ta^\  the  Gibbs  free  energy  of  formation  of  TaG^j  as  a  function  of 
temperature  was  calculated.  The  calculated  AGj  values  as  a  function  of 
temperature  may  be  represented  by  the  following  analytical  expression: 

Ta  (c)  +  C  (gr)  =  TaC^  (c) 

AGf>  2,8.is-  J0«o*k  =  -  35,  335  -  1.  7949  T  log  T  +  6.4757  T 

3.  Group  VI  Metal  Carbon  Systems 

In  addition  to  the  a-Me^C,  p-Me^,  and  MeC  phases, 
new  phases  appear  in  the  Mo-C  and  the  W -C  systems  at  high  temperatures, 
but  in  the  Cr-C  system  there  appear  three  intermediate  phases  whose 
structures  are  rather  different  from  the  phases  in  the  other  carbide  systems. 
In  contrast  to  the  thermodynamic  behavior  of  the  group  IV  and  V  carbides, 
the  heats  of  formation  of  all  the  group  VI  carbides  are  relatively  small 
quantities,  and  consequently  the  stabilities  of  these  carbide  i  \ees  at  high 
temperatures  are  strongly  influenced  by  the  entropy  term. 

a.  Chromium-Carbon  System 

(1)  Phase  Diagram 

The  phase  diagram  of  the  chromium- 
carbon  system  as  shown  in  Figure  9  is  based  on  the  work  of  Bloom  and 

/  L  Q  \ 

Gra.it1  .  The  three  intermediate  phases  are  Crz,Ct,  which  is  complex 
f.c.c.  with  116  atoms  per  unit  cell  (D84type);  CrTCj,  which  is  hexagonal 
with  80  atoms  per  unit  cell;  and  CrjCji  which  iB  orthorhombic  with  20 
atoms  per  unit  cell  (D510  type). 
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CrCj  7  ,  andCrCft  23  over  the  temperature  interval  53  -  296  *K.  The  low- 
temperature  heat  capacity  of  CrC2  3  over  the  temperature  interval 
12  -  301  °K  v.-as  also  determined  by  DeSorbo^^.  All  these  data  were 
e.\-aluated  by  Kelley  and  King^^  .  Integration  of  the  heat  capacities  by 
Kelley  and  King  yielded  the  values  of  S  -  6  .  S 1  +  0.  03,  6.86  +  0,  04, 
and  6.34  +  0.03  cal,  deg  g  -atom  Cr  for  the  three  chromium  carbides, 
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CrC2/j»  CrC3/7,  an<^  CrC4/''2j.  Using  the  available  values  of  S  for 
chromlum^^  and  graphite^,  AS^  =  0. 22  0.  08,  0.  59  ;+  0.  08  and 

0.30  +  0.07  cal 'deg  g-atom  Cr  for  the  three  chromium  carbides,  were 
obtained. 

(3)  High-Temperature  Data 

Kelley,  et.al.^^  also  measured  the 

high-temperature  heat  contents  of  CrGz/j  over  the  temperature  interval 

298  -  1576*K,  of  CrCj/7  over  the  temperature  interval  298  -  1578*K,  and 

of  CrC6//23  over  the  temperature  interval  298  -  1578®K.  Oriani  and 
(71) 

Murphy'  '  measured  the  heat  content  of  CrCjA  over  the  temperature 
interval  273  -  1188*K.  All  these  data  were  evaluated  by  Kelley^^  and  the 
heat  and  entropy  increments  above  298. 15  *K  were  calculated.  Based  on 
the  heat  content  values  selected  by  Kelley^^,  the  high-temperature  thermal 
properties  ofCrCz/j,  CrC3//7,  and  Cr C4/23  »  all  expressed  per  g-atom  Cr, 
are  reported  in  Tables  6,  7,  and  8.  The  heat  content  of  CrCz/j  over  the 
range  298  -  1600‘K,  of  CrCj/7  over  the  range  298  -  1500*K,  and  of 
CrCfc  '23  over  the  range  298.15  -  1800*K,  as  reported  in  Tables  6,  7,  and  8 

may  be  represented  by  the  following  three  analytical  expressions: 

_J  2  5-1 

H_,-H  =  10.01  T  +  0.  930  x  10  T  +  2.47  x  10  T  -3894 

T  st 

-3  2  S  -1 

H_-H  =  8.137  T  +  1 . 04  x  10  T  +1.45x10  T  -3003 
T  st 

-3  2  S  -1 

HT-Hfet  =  7.  355  T  +  0.920  x  10  T  +  1.26  x  10  T  -2697 

( 4 }  Reaction  Equilibrium  Data 

In  addition  to  measuring  both  the  low- 
temperature  and  high-temperature  thermal  properties  of  CrC  2/3  ,  CtCj/t, 
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Table  o . 


High-Temperature  Thermal  Properties  of  CrC  / 

2/3 


T  CK 

c 

p 

H—-H  . 

T  st 

ST'Sst 

GT'Hst 

T 

298.15 

7.84 

0 

V 

6.81 

400 

9.  14 

873 

2.  5 1 

7.  14 

500 

9.91 

1840 

4 .  b  7 

7.80 

600 

10. 43 

2867 

6 . 54 

8.  57 

700 

10.  82 

3927 

8.17 

9. 37 

800 

11.13 

5020 

9.63 

10.  16 

900 

11.40 

6140 

10.95 

10.94 

1000 

11.64 

7287 

12. 16 

11.68 

1100 

11.85 

8463 

i  3 . 28 

12. 40 

1200 

12.  05 

9663 

14.32 

1 3 .  OS 

1300 

12.23 

10880 

15.29 

13.  73 

1400 

12. 38 

12110 

16.21 

14.  37 

l  500 

12.  52 

13337 

17.07 

14.98 

1600 

12.65 

14617 

17.88 

15.  55 

Table  7.  High-Temperature  Thermal  Properties  of  CrCj  7 


T"K 

c 

p 

HT“Hst 

*3  rp  -  ^  rp 

- 

T 

296.15 

7.13 

0 

L 

6,86 

400 

8 . 00 

7  77 

2.24 

7.16 

500 

8.  55 

1617 

4.11 

7. 74 

000 

8.97 

2493 

5.71 

8.41 

7  00 

9.  33 

34  08 

7.12 

9.11 

8C0 

9.62 

4  354 

8.38 

9.80 

900 

9.88 

5320 

9.51 

10.46 

1000 

10.10 

6318 

1  0.  57 

11.11 

1100 

10.  31 

7337 

11.54 

)  1 .  73 

1200 

10.53 

8  371 

12.44 

12.32 

1300 

10.74 

9428 

13.28 

12.89 

1400 

10.95 

10528 

14.10 

13.  44 

1500 

11.16 

- - - 

11673 

14.89 

13.96 

Table  8.  High-Temperature  Thermal  Properties  of  CrCj^j 


T*K 

C 

P 

HT“Hst 

S_-  S 

T  st 

298.15 

6.49 

0 

0.  00 

6.34 

400 

7.  19 

702 

2.02 

6 . 60 

500 

7.69 

1465 

3.73 

7.14 

600 

8.07 

2259 

5.17 

7.74 

700 

8.39 

3080 

6.43 

8.37 

800 

8.65 

3935 

7.57 

8.99 

900 

8.89 

4811 

8.60 

9.59 

1000 

I 

9. 13 

5706 

9.55 

10.  18 

1100 

9.36 

6622 

10.42 

10.  74 

1200 

9.60 

7559 

11.23 

11.27 

1300 

9.83 

8520 

12.  00 

11.79 

1400 

10.06 

9511 

12.74 

12.29 

1500 

10.  30 

10528 

13.44 

12.76 

1600 

10.  53 

11572 

14.  12 

13.23 

1700 

10.77 

12646 

14.77 

13.67 

1800 

11.00 

13746 

15.40 

14.10 
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and  CrC*,  '23;  Kelley,  et.al.  ^  ^  also  studied  the  following  four  equilibria: 

C  r  O3  -C  r  3C  2-C  -CO  over  the  temperature  interval  1243  -  1381*K,  Cr2Oj- 

C  r  7  C  3  -C  r  3C7  -CO  over  the  temperature  interval  1306  -  1495°K,  Cr2  O3- 

C  r2  3C6  -Cr7  C3  -CO  over  tne  temperature  interval  1503  -  1721°K,  and 

Cr203-Cr-Cr2  -CO  over  the  temperature  interval  1601  -  1770“K.  From 

these  four  equilibrium  measurements  and  from  the  available  thermal 

properties,  Kelley,  et.al.  derived  a  value  of  the  heat  of  formation  for 

Cr2C>3  at  298.  15°K  which  is  about  two  kilocalories  less  exothermic  than 

(72) 

the  recent  calorimetric  value  reported  by  Mah  .  Based  on  this  evidence, 
we  suspect  that  the  equilibrium  measurements  of  Kelley,  et.al.  might  be  in 
error . 


Using  the  available  values  of  the  free 

,  „  _  (50,  62)  _  (50,62)  r.(4)  .  ^(d)  . 

energy  iunction  for  CrC2  3  ,  Cj^O^  ,  G  ,  and  CO  ,  the 

Third  Law  treatment  of  the  data  reported  by  Kelley,  et.al.  for  the  equilibrium 

59,  120  cal  g-mole  CO  for 

the  following  reaction: 


Cr  O,  -  CrC  -C-O  vielded  a  value  of  AHn 
2  1  3  2  •  R,  st 


1.  3  Cr203  (c)  +  13,  9  C  (gr)  2  9  Cr3C,  (c)  +  CO  (g) 

Using  the  heats  of  formation  of  Cr,  O-^  and  CO^ 

AH^  st  ”  "  24,  140  cal  g-mole 

was  obtained  for  Cr,  C  . 

■*  2 


More  recently,  Gleiser'  '  restudied 
the  equilibrium  C  r  2  O3 -C  r  3C  2 -C -CO  over  the  temperature  interval 
1316  -  1366°K.  A  Third  Law  treatment  of  Gleiser's  data  yielded  a  value 
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of  AH_  =  58,  360  +  450  cal/g-mole  CO.  From  tills  value, 

RjSt 

AH,  .  =  -  27,550  +  2200  cal/g-mole 
1,  st  — 

was  obtained  for  Cr^  which  we  judge  to  be  the  more  reliable  one. 

(74) 

Rudy  and  Chang'  evaluated  the 

various  equilibria  existing  in  the  ternary  phase  diagrams  Mo-Cr-C  and 
W-Cr-C  at  1573I,K  thermodynamically  and  obtained  the  following  values  for 
the  Gibbs  free  energies  of  reaction: 

Reaction  ^^R,1*73  j* 

(a)  CrC2,  <  ss>  =  CrCj  /2<ss,  Mo2C -type>  +  l/6  C  <  ss>  945 

(b)  CrCj  ,2  <ss.  Mo  C  -type>  -0.7  CrC^y7  <ss> 

+  0.3CrC/  <ss>  -270+50 

2  /j  — 

(c)  CiC  ,  <ss>  =  0. 88  CrCa.4S  <  ss,  MozC-type> 

+  0.12  CrC4/23  <ss>  350  +  30 

(d)  CrCj  '2j<ss>  =0.42Cr  <ss> 

+  0.  58  CtCq.^s  <s  s,Mo2C-type  >  915  +^  55 

The  fact  that  the  values  of  AG^  obtained  from  the  two  different  ternary 
phase  diagrams  agree  with  each  other  leads  us  to  have  confidence  in  the 
reliability  of  these  values.  Based  on  the  values  of  the  Gibbs  free  energy 
of  formation  of  CrCz/j  derived  from  Gleiser's  data  and  the  available 
thermal  properties,  the  Gibbs  free  energy  of  formation  for  Cr C3/7  and 
CrC^/23  will  be  obtained  using  the  AG_  values  for  the  four  reactions  (a), 

'  X\. 

(74) 

(b) ,  (c),  and  (d)  obtained  by  Rudy  and  Chang' 
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Alekseev  and  Snvartsman 


(43) 

studied  the  equilibrium  Cr23C  j-H2-CH4  -Cr  over  the  temperature  interval 

973  -  1223°K.  From  this  study,  Alekseev  and  Shvartsmar.  obtained 

AG^.  =  -  3550-0. 05T  cal,  g-atoir,  Cr  for  CrC6  23  .  At  1100°K 

AG,  -  -  3610  cal  g-atom  Cr  which  is  about  2700  cal  less  exothermic  than 
1 

the  selected  value.  The  fact  that  Alekseev  and  Shvartsman  obtained  an 
apparent  zero  entropy  of  formation  suggests  that  their  data  might  be  in  error. 
The  entropy  of  formation  of  CrC6j  23,  according  to  the  thermal  data,  is 
0.89  cal  deg  g-atom  Cr  at  1000°K. 

(5)  Vapor  Pressure  Data 

Fujishir o  and  Gokcen^  ^  measured 

the  vapor  pressure  of  Cr  over  Cr3C,and  graphite  over  the  temperature 

interval  1906  -  2237  “K  by  means  of  Knudsen  technique,  from  their  data, 

Fujishiro  and  Gokcen  derived  AH^  gt  -  -  24,630  cal  g-mole  Cr3C2,  which 

is  about  three  kcal  less  exothermic  than  the  value  derived  from  Gleiser's 

equilibrium  data.  Since  the  weight  loss  of  the  empty  Knudsen  cell  in 

Fujishiro  and  Gokcen. ' s  experiments  without  orifice  was  comparable  to  the 

actual  weight  loss  thruugh  the  orifice,  their  data  might  be  subject  to  large 

uncertainties .  Moreover,  their  AH.  „  value  was  derived  from  the 

f,  st. 

difference  of  two  large  heat  of  vapor ization  values. 

( 7o) 

Vintaikin  also  studied  the  vaporiza¬ 
tion  of  Cr3C2  over  the  temperature  interval  1373  -  1  ^73°K  using  the  Knudsen 
technique .  He  obtained  AG^  ;  -  8,  190  -  6.99T  cal  g-mole  Cr 3C 2  .  At 

1500°K,  the  value  of  AG^  obtained  for  Cr3C2  by  Vintaikin.  is  about  14  kcal  less 
exothermic  than  the  value  derived  from  Gleiser's  data.  The  fact  that 
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Virtainldn  dbtaineda  rather  large  value  for  the  apparent  entropy  of  forma¬ 
tion  suggests  that  his  data  might  be  in  error.  The  entropy  of  formation 
of  Cri  C2  at  1500*K,  according  to  thermal  data,  is  5.62  cal/deg  g-mole  Cr}  C2. 

(6)  Calorimetric  Data 

No  calorimetric  data  was  found  in 
the  literature  for  any  of  the  three  chromium  carbides 

(7)  Selection  of  Enthalpy  and  Free  Energy 
Data 

a .  C  rC  iji 

The  heat  of  formation  of 

CrC ij j  at  298.15'K  was  selected  to  be  -  9,180  +  700  cal/ g-atom  Cr  based 

on  the  equilibrium  data  of  Gleiser  and  the  available  free  energy  functions 

for  CrC2  j  ,  Cr,  and  C.  Based  on  this  selected  value  of  AH,  ,  the  Gibbs 

I;  St 

free  energy  of  formation  of  CrCz^  as  a  function  of  temperature  was  cal¬ 
culated.  The  calculated  AG^  values  were  fitted  to  the  following  linear 
equation: 

Cr  (c)  +  2/3  C  (gr)  =  CrC,/,  (c) 

AG,  29s-i5  -  Hoo  *k  ”  -8,740-1. 30T 
1 » 

b.  CrCj/7 

Based  on  the  selected  values 
of  AG,  for  CrC2  '3  and  the  values  of  AGD  for  reactions  (a)  and  (b)  reported 
by  Rudy  and  Chang,  the  Gibbs  free  energy  of  formation  for  CrCj/T  at 
1575°K  was  found  to  be  -  9,940  +  1280  cal/g-atom  Cr.  From  this  value 
and  the  available  free  energy  functions  for  CrCj/7,  Cr,  and  C,  the  heat 
formation  of  C rC-j/j  at  298. 15*K  was  found  to  be  -  8160  1300  cal/g-atom. 
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The  Gibbs  free  energy  of 

formation  of  CrCj^/y  as  a  function  of  temperature  was  calculated  and  the 
calculated  data  were  fitted  the  following  linear  equation: 

Cr  (c)  +  3/7  C  (gr)  =  CrC,  /T  (c) 

AGf ,298.15-  1600 *k  =  -7,910+  1.27  T 

(c)  CrC6/23 

Again,  based  on  the  selected 

value  of  AG^.  for  CrC2^  and  the  values  of  AG^  for  reactions  (c)  and  (d) 
reported  by  Rudy  and  Chang,  the  Gibbs  free  energy  of  formation  for 
CrC6/23  at  1573°K  was  found  to  be  -  6,  700  +_  800  cal/g-atom.  From  this 
value  we  derived  a  value  of  AH^  gt  =  -  5,  670  +_  850  cal/g-atom  Cr  for 
CrC6/23  .  The  calculated  Gibbs  free  energy  of  formation  of  CrC$/23 
based  on  the  selected  value  of  AH,  ,  and  the  available  free  energy  functions 
for  CrC^3  .  Cr,  andC,  was  fitted  to  the  following  equation: 

Cr  (c)  +  6/23  C  (gr)  =  CrC6/23  (c) 

AG£  298, 15  -  1800 *k  =  ”  5,  47  0  -  0.78  T 

b.  Molybdenum  -  Carbon  System 

(1)  Phase  Diagram 

The  phase  diagram  of  the  molybdenum- 

carbon  system,  as  shown  in  Figure  10,  is  taken  from  an  earlier  docu- 

(77) 

mentary  report  by  Rudy,  Windisch,  and  Chang'  ' .  Among  the  four 
intermediate  phases  appearing  in  the  molybdenum-carbon  system,  a-Mo2C 
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is  the  only  phase  stable  at  low  temperatures.  Both  the  a-Mo2C  and  p-Mo  C 
phases  have  a  hexagonal  close -packed  arrangement  of  the  metal  atoms, 
and  the  carbon  sublattice  of  the  a-MOjC  phase  was  found  to  be  ordered  at 
room  temperature  using  the  neutron-diffraction  mcthod.^7®^  The  r|-phase 
has  a  hexagonal  (pseudo  cubic)  lattice,  while  the  q-MoC[  has  a  sodium 
chlor ide  (Bl)  structure . 


Figure  10.  The  Phase  Diagram  of  Molybdenum-Carbon  System 
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(2) 


Low-  Tempe  rature  Data 


There  exiet  no  experimental  low- 

teinperature  heat  capacity  data  for  any  of  *:he  molybdenum  carbides. 

(70) 

Krikorian'  '  estimated  a  value  of  S  .  -  8,55  -t  0.  5  cal/deg  g-atom  Mo 

st  — 

'1)  (4) 

for  Mo_C  .  Using  the  available  entropy  data  for  Mo1  and  graphite  , 

AS,  -1.04  +  0.5  cab  dee  e-atom  Mo  was  obtained, 
f,  st  —  b  e 

(3)  High-Temperature  Data 

No  high-temperature  heat  content 

or  heat  capacity  data  were  found  in  the  literature  for  any  of  the  carbides. 

(4)  Reaction  Equilibrium  Data 
Gleiser  and  Chipman^*^  studied  the 

equilibrium  Mo-a-Mo^  ;  -MoO^-CO -C02  over  the  temperature  interval 
1200  -  1340°K,  and  obtained  ACf  -  -  11,710  -  1.83  T  for  the  ti-Mo,  C  phase 
at  the  metal -rich  phase  boundary. 

/  g  |  \ 

Schenck,  Kurzeu,  and  Wesselkock' 

studied  the  equilibrium  Mo-q-Mo, C  -H,  -GH  4  at  973  and  1 1  23  °K .  However , 

their  results  are  doubtful  since  thermal  segregation  of  the  stat:  gas  mixture 

(44) 

used  must  have  occurred  as  originally  pointed  out  by  Richardson  Morever, 

the  thermodynamic  data  of  CH4  obtained  by  Schenck,  et.al,  from  a  study  of 
the  equilibrium  C-H2-CH4,  using  the  same  experimental  method,  do  not  agree 
with  the  presently  accepted  values. 

/  Q? ) 

Browning  and  Emmett'  '  claimed  to 

have  studied  the  equilibrium  Mo-Mo^C -CH  4-H2  over  the  temperature  interval 
820-952 ’K,  and  the  equilibrium  Mo;C  -CH  -MoC-H2  over  the  temperature 
interval  b 36  -  1 098 °K .  According  to  Gleiser  and  Chipman^^ ,  the  first 
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equilibrium  yielded  a  rather  large  entropy  change  of  about  26  e.u.  for  the 
reaction  2Mo(c)  +  C  (gr)  =  Mo2C  (c).  The  second  equilibrium  studied  is 
inconsistent  with  our  presently  established  phase  diagram  since  none  of 
the  other  three  intermediate  phases,  p-Mo2C,  q-MoC^  and  q-MoC^,  is 
stable  with  respect  to  a-Mo2C  and  graphite  in  this  temperature  range. 

(5)  Calorimetric  Data 

Mah'  determined  the  heat  of  forma¬ 
tion  of  Mo  C  calorimetr ically  and  reported  AH.  =  -11,  COO  +  700  cal/2  g-atcm  Mo, 
which  is  in  reasonable  agreement  with  Gleiser  and  Chipman's  result.  The 
sample  was  prepared  by  direct  combination  of  the  elements  at  1150*G  under 
two  atmospheres  of  H2-  Chemical  analysis  of  the  sample  showed  94.09%  Mo 
and  5 . 89%  C  .  ~ 


(6)  Selection  of  Enthalpy  and  Free  Energy 
Data 

Based  on  the  work  of  Gleiser  and 

Chipman,  the  Gibbs  free  energy  of  formation  equation  selected  for 
CL—  h4  oC  q  447  is. 


Mo  (c)  +  0.  449  C  (gr)  -  a-MoCo.449  (c) 


AGf42  91. 1 5  -  i"340  *k  =  -  5250  -  0.  82  T 

The  uncertainty  in  the  AG^  value  is  estimated  to  be  +  700  cal 'g-atom  Mo. 

c.  Tungsten-Carbon  System 

(1)  PhaBe  Diagram 

The  phase  diagram  of  the  tungsten- 
carbon  system,  as  shown  in  Figure  11,  is  based  on  the  work  of  Rudy  and 
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(2)  Low-Temperature  Data 

No  low-temperature  heat  capacity 

data  were  found  in  the  literature  for  any  of  the  four  intermediate  phases. 

(3)  High-Temperature  Data 
Levinson^^  measured  the  heat  con¬ 
tent  of  WC0  99  over  the  temperature  interval  1276  -  2642*K.  The  sample 
had  93.97 %  W,  6.07%  C,  and  less  than  500  ppm  free  graphite;  the  apparent 
composition  of  the  sample  was  WCq^.  The  calculated  thermal  properties 
of  WC^ '  99  based  on  the  data  of  Levinson  are  reported  ip  Table  9.  The 
tabulated  heat  content  of  WC0.  99  over  the  temperature  interval  1200  - 
1700°K  may  be  represented  by  the  following  analytical  expression  with 

an  average  standard  deviation  of  9  cal/g-atom  W  and  a  maximum  deviation 
of  19  cal/g-atom  W  at  2700 *K: 

-3  2 

H_-H  ,  =  10.417  T  +  0.  79755  x  10  T  -  3562.8 
T  st 

(4)  Reaction  Equilibrium  Data 
Gleiser  and  Chipman^"^  studied  the 

equilibrium  WC-C02~W-CO  over  the  temperature  interval  1215  -  1266*K. 

At  1240 °K,  the  average  temperature  of  the  equilibrium  measurement,  the 
Gibbs  free  energy  of  formation  of  WC  which  was  derived  is  -8,  340  cal/g-atc m  W. 

/on 

Alekseev  and  Shvartsman'  '  studied 

the  equilibrium  W2C-H2-W-CH4  over  the  temperature  interval  923  -  1173*K 
and  the  equilibrium  WC  -H  Z~W2C  -CH4  over  the  temperature  interval 
973  -  1273*K.  F  rom  their  measurements,  Alekseev  and  Shvartsman 
derived  AG^  =  -  1,950  -  3.9  T  and  AG^  y/  q  ~  ~  7,550  +  1.16  T.  A 
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combination  of  the  AG^  values  for  WC  and  W2C  does  predict  the  correct 
temperature  where  W2C  decomposes  into  W  and  WC . 

f  Q  L  \ 

Orton'  J  studied  the  equilibria. 

WC-H2-W-CH4,  W^C  -H2“ W-CH4  ,  and  WC  -H^W^-CH^  over  the  tempera¬ 
ture  interval  1173  -  1773'K.  From  his  equilibrium  measurements,  Orton 
derived  AGf  wc  =  -  1 , 947  +  0.  40  T  and  AGf  wc  =  +  46 ,420  -  32.12  T. 

The  AG^  values  obtained  by  Orton  appears  to  be  in  error  when  compared  with 
the  direct  calorimetric  values  obtained  by  Mah. 

(5)  Vapor  Pressure  Data 

( 1 31 

Coffman,  Kibler,  Lyon,  and  Aechione'  ' 
studied  the  Langmuir  vaporization  of  WC  over  the  temperature  interval 
2319  -  2667*K.  After  initial  vaporization,  they  found  W 2C  on  the  surface 
of  the  WC  sample,  in  agreement  with  the  established  phase  diagram.  Hoch, 
Blackburn,  Dingledy,  and  Johnston^^ ^  measured  the  vapor  pressure  of 
carbon  over  WC  over  the  temperature  interval  2170  -  2770°K,  and  found 
that  the  vapor  pressure  was  essentially  the  same  as  the  vapor  pressure  of 
pure  graphite . 

(6)  Calorimetric  Data 
McGraw,  Seitz,  and  Snyder^^ 

determined  the  heat  of  combustion  of  WC  to  be  -285,800  +  700  cal/g-mole  WC, 

Recently  Mah'  }  redetermined  the  heat  of  combustion  of  WC  to  WO^  and 

C02  to  be  -285,  940  cal/g-mole  WC,  in  perfect  agreement  with  McGraw's 

value.  Based  on  the  average  value  of  the  two  combustion  results  and  the 

(4) 

available  heats  of  formation  for  WO^  snu  v,02  »  heat  of  formation  of 

of  WC  was  found  to  be  -9,670  400  cal/g-atom  W.  Chemical  analysis  of 

the  WC  sample  showed  it  to  contain  93.90%  W  and  6 . 1  0%  C  .  For  the  purpose  of 
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Table  9.  High-Temperature  Thermal  Properties  of  WC 


o.  w 


T,  *K 

C 

P 

HT-Hst 

AC 

P 

1200 

12.19 

10,  100 

0.  14 

1300 

12.39 

11,  330 

0.  17 

1400 

12.58 

12, 583 

0.20 

1500 

12.77 

13,  845 

0.25 

1600 

12.96 

15,  141 

0.  30 

1700 

13. 14 

16, 444 

0.  35 

1800 

13.31 

17, 767 

0.41 

1900 

13.48 

19,  110 

0.46 

2000 

13.64 

20,  456 

0.  50 

2100 

13.  79 

21,  838 

0.  55 

2200 

13.92 

23,222 

0.  58 

2300 

14.07 

24,623 

0.61 

2400 

14.20 

26, 042 

0.64 

2500 

14.34 

27,479 

0.69 

2600 

14.47 

28,911 

0.  72 

2700 

14.60 

30,  359 

0.  74 

correcting  the  calorimetric  value,  the  composition  was  considered  to  be 


99.47%  WC.  and  0.53%  W  since  W  lines  were  detected  by  X-ray  diffraction 


technique . 


/  q  7  \ 

Mah'  '  also  determined  the  heat 

of  formation  of  a-WCj  /?  to  be  -  3,  150  +  300  cal/g-atom  W.  The  chemical 
composition  of  this  sample  was  considered  to  be  95.08%  W.C,  2.92%  W, 
and  2.0%  WC,  and  the  calorimetric  results  were  corrected  accordingly. 
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(7)  Selection  of  Enthalpy  and  Free 
Energy  Data 

(a)  WC-Phase 

The  selected  value  of  the 

heat  of  formation  of  WQ^  t  Q  at  298.15*K  is  -  9,670jt  400  cal/g-atom  W, 

based  on  the  data  of  McGraw,  et.al.,  and  of  Mah.  Using  the  available 

' ' )  (4) 

heat  content  data  for  WC,  W‘  ,  and  C  , 


AHj  i240^“  -  9,  090  t  500  cal/g-atom  W 

was  obtained  for  WC  ,  .  .  Based  on  the  AG,  value  of  Gleiser  and  Ghipman 
■v  1. 0  f  r 

for  WC,  AS^  12)0,^  =  0.60  +  0.5  cal/deg  g-atom  W.  Using  the  available 
values  of  for  W^  andC^^,  a  value  of  1  2  40  »k-  23.20  cal/deg  g-atom 

was  obtained.  Based  on  the  selected  values  of  AH^  and  AG^.  for  WC  at 
1240oK  and  the  available  thermal  data,  the  Gibbs  free  energy  of  formation 
of  WC  from  1200  to  2700“K  was  calculated,  and  the  calculated  values 
were  fitted  to  the  following  linear  equation: 

W  (c)  +  C  (gr)  ;  WC  (c) 


AG 


f,  1200-  2700  'k 


-  8,905  +  0.47  T 


(b)  q-WCj  /2 

The  selected  value  of  the 

heat  of  formation  of  WC  /at  298.15*K  is  -3,  150 +_  300  cal/g-atom  W,  bas^d 
on  the  data  of  Mah.  Since  a-W2C  decomposes  to  WC  and  W  at  1523*K, 
the  Gibbs  free  energy  change  at  this  temperature  is  zero  for  the  reaction: 

a-WC^  (c)  =  1/2  WC  (c)  +  1/2  W  (c) 
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For  lack  of  data,  we  have  assumed  that  AC^  to  be  zero  for  a-WCj/2  , 

even  though  we  expect  that  this  would  not  be  true.  With  this  assumption,  and 

using  the  selected  value  of  AG|  for  WC»  we  obtain 

ASf  Q  =  0.62  jh  0.5  cal/ deg  g-atom  W 

1/2 

at  152  3*K.  The  selected  Gibbs  free  energy  of  formation  equation  for 

a-WC,/,  is: 

V  2 

W  (c)+  1/2  c  (gr)  =  a-WCl/z  (c) 

AG{  =  -  3,  150  -  0.62T 

in.  CALCULATION  OF  THERMODYNAMIC  PROPERTIES  OF  NON¬ 
STOIC  HIOMETRIG  BINARY  CARBIDES 

In  order  to  calculate  the  phase  diagrams  of  the  ternary  and  higher  - 
order  systems,  the  Gibbs  free  energy-composition-temperatur e  diagrams 
of  the  binary  phases  must  be  available.  Unfortunately,  as  the  evaluation 
of  the  thermodynamic  properties  of  the  binary  carbides  revealed,  the 
compositional  variation  of  the  Gibbs  free  energy  is  not  available  for  ary  of 
the  binary  carbide  phases.  To  overcome  this  deficiency,  we  shall  calcu¬ 
late  the  Gibbs  free  energies  of  the  alloy  phases  as  a  function  of  composi¬ 
tion  based  on  theoretical  models. 

In  the  following  section,  we  shall  first  discuss  the  interstitial  model 
as  applied  to  the  terminal  solid  solutions  such  as  the  a-Hf  solid  solution, 
and  the  vacancy  model  of  Schottky  and  Wagner  as  applied  to  all  the  mono- 
carbide  phases  (Bl). 

Based  on  the  theoretical  models,  the  selected  thermodynamic 
properties  of  alloy  phases  at  the  stoichiometric  composition,  and  the 
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available  phase  diagrams,  the  Gibbs  free  energy  of  formation  of  the  alloy 
phases  as  a  function  of  composition  will  be  calculated  and  the  results 
reported. 

In  this  section,  we  shall  express  all  the  thermodynamic  quantities 
in  terms  of  one  gram  atom  of  alloy  instead  of  one  gram  atom  of  metal 
done  in  the  previous  section.  Again,  we  shall  use  the  elements  in 
th  ;  stable  form  at  the  temperature  arid  one  atmosphere  pressure  as  the 
standard  state. 

A.  THEORETICAL  MODEL 

1 .  Interstitial  Model  as  Applied  to  the  Terminal  Solid 

Solution 

The  Gibbs  free  energy  of  formation  of  a  binary 
interstitial  carbon  solid  solution,  Mej  xCx  (where  Me  stands  for  the 
transition  metal,  C  stands  for  carbon  and  x  is  the  atom  fraction  of  carbon 
in  the  solution),  from  the  component  elements  arises  from  two  contribu¬ 
tions  which  are  thermal  and  configurational.  Since  the  experimental  heat 
and  entropy  data  of  the  Me^  x^x  are  not  available  as  a  function  of  compo¬ 
sition,  we  shall  assume  that  the  thermal  free  energy  of  formation  of 
Mej  xCx  is  proportional  to  the  concentration  of  carbon.  The  configurational 
free  energy  of  formation  is  entirely  due  to  the  entropy  of  mixing  of  the 
interstitial  carbon  atoms  among  the  available  sites. 

According  to  Boltzmann,  the  entropy  of  mixing  is 
related  to  the  thermodynamic  probability  by  the  following  formula: 


mix 


=  k  In  W 


(1) 
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where  S  stands  for  the  entropy  of  mixing,  k  is  the  Boltzmann  constant, 
mix 

and  W  is  the  thermodynamic  probability. 

We  shall  now  evaluate  the  thermodynamic  probability, 
W,  in  the  following  manner  based  on  one  gram  atom  alloy.  Let 

N  =  Total  number  of  atoms  in  an  alloy,  i.e. 

number  of  metal  atoms  plus  number  of 
carbon  atoms 

xN  =  Number  of  carbon  atoms  on  the  interstitial 
sites 

(1-x)  N  -  Number  of  metal  (or  host)  atoms 
N.  =  Number  of  interstitial  sites 
N^-xN  =  Number  of  unoccupied  interstitial  sites 

The  thermodynamic  probability  is 


Using  Stirling's  approximation  for  the  factorial  terms  in  equation  (2),  the 
entropy  of  mixing  is  reduced  to 


S  . 
mix 


/N.-xN\  ,N.-xN\ 

k  Ni  +  x  N  k  ln  [-izr-  j 


Since  there  is  one  octahedral  interstitial  hole  per 
host  atom  in  a  hexagonal  close-packed  structure,  such  as  a-Hf,  the 
number  of  interstitial  holes  is 


Ni  =  (1-x)  N 


After  substituting  N.  into  equation  (3),  we  have 


-  R  (1-x)  ln  j  +  x 


where  R  =  k  N  is  the  universal  gas  constant. 
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From  equation  (5}  and  the  assumption  we  made 

earlier  with  regard  to  tne  thermal  contribution  to  the  free  energy  of 

Me,  C  ,  we  have 
i  -x  x 


AG,  =  B  x  +  RT 


(6) 


In  this  expression,  B  x  is  the  thermal  contribution  and  B  is  constant  which 
will  be  evaluated  for  a-Hf  terminal  solid  solution  in  the  next  section. 

Since  the  addition  of  interstitial  carbon  atoms  to 
the  host  lattice  is  limited  by  the  available  number  of  interstitial  sites, 
the  value  of  x  in  equation  (6)  can  never  exceed  0.5.  In  practice,  the  value 
of  x  does  not  even  approach  0.  5,  because  the  occupation  of  one  interstitial 
site  causes  the  neighboring  site  to  become  energetically  unfavorable.  How¬ 
ever,  for  our  purpose  here,  we  shall  not  refine  equation  (6)  by  introducing 
new  parameters  since  we  do  not  have  a  sufficient  number  of  boundary  condi¬ 
tions  to  evaluate  all  the  parameters. 

From  equation  (6)  and  the  well-known  thermodynamic 
equations  relating  the  partial  molar  and  integral  free  energies, 


ATT 


Me 


a s; 


=  AG  -  x  ■ 

AG  +  (1-x) 


8AG 

8x 

9AG 

Sx 


(7) 

(8) 


we  obtain  the  following  equations  for  the  partial  molar  free  energies  of 
the  metal  and  carbon  components  in  the  terminal  a-solid  solution: 

=  Rr‘"  (t£)  <’) 

«TC  »  B  +  RTlnJj-Jjj  (10) 
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2. 


Schottky-Wagner  Vacancy  Model 

The  thermodynamic  model  of  non-stoichiometric 

(89) 

alloy  phases  originally  formulated  by  Schottky  and  Wagner'  '  waB  dis- 

■  ussed  in  detail  by  Wagr.er^^'  and  more  recently  by  Kaufman,  Bernstein 

(91) 

and  Sarney  whu  applied  this  model  to  the  monocarbide. phases  .  The 
model  alloys  contain  two  sublattices  in  the  crystal.  In  the  case  of  the 
binary  carbide  phases,  the  two  sublattices  are  respectively  the  metal  and 
carbon  sublattices.  Due  to  the  large  size  difference  of  the  metal  and 
carbon  atoms,  contributions  from  exchanges  of  atoms  among  the  two  sub- 
iattices  can  be  neglected.  Assuming  the  only  defects  present  in  the  lattice 
are  carbon  vacancies  and  metal  vacancies,  the  Gibbs  free  energy  of  forma¬ 
tion  of  an  alloy  phase,  Me(  from  the  component  elements  arises  from 

the  following  contributions: 

a.  The  formation  of  an  ordered  alloy  at  the 

stoic  biometric  composition, 


b.  The  creation  of  carbon  vacancies, 

c.  The  creation  of  metal  vacancies, 

d.  The  free  energy  of  mixing  between  the  metal 
atoms  and  vacancies  on  the  metal  sublattice,  and  between  the  carbon  atoms 
and  vacancies  on  the  carbon  sublattice. 

Mathematically,  the  Gibbs  free  energy  of  formation 
oi  an  alloy,  Mtj  ,  in  terms  of  one  gram  atom  alloy  may  be  expressed 

as  folio  w  s :  *  * 


**The 

Kau 


de.'.ation  of  the  Schottkv-Waener 
fn.un ,  et .  a  I .  ^ 


equations  follows  closely  that  of 


N  N..  T  Nr+ 

AG,  -  -J-  AG*  +  G..  +  +  —trir-  G_i.  -  TS  ,  (11) 

f,x  in  f,xQ  N  Me+  PT  C1  mix 

In  this  equation,  AG?  is  the  free  energy  of  formation  of  an  ordered 

f,x0 

alloy  at  the  stoichiometric  composition,  Me^^  ;  G^e+  and  G^+  are 
the  fi  ee  energies  of  creating  a  metal  vacancy  on  the  metal  sublattice  and 
of  creating  a  carbon  vacancy  on  the  carbon  sublattice,  respectively;  N^,  and 

N  are  the  total  number  of  lattice  sites,  the  total  number  of  atoms,  the 
number  of  vacant  metal  sites,  and  the  number  of  vacant  carbon  sites;  x  is 
the  atom  fraction  of  carbon;  and  xq  is  the  stoichiometric  composition.  The 
entropy  of  mixing,  in  equation  (11)  arises  from  the  mixing  between 

the  metal  atoms  and  vacant  sites  on  the  metal  sublattice;  and  from  the 
mixing  between  the  carbon  atoms  and  vacant  sites  on  the  carbon  sublattice. 

The  entropy  of  mixing,  derived  in  the  usual  manner 
as  done  in  the  previous  section,  is: 


rn  *  „T  XT  l!  (1-VNs  '  NMe+ 

-  [{1"Xo)  VNMe+  ^  -fl=x  )N - 

J  L  o  s 


“NMe+  111 


-<xoNs'V  ln 


x  N  -  N  _  + 
0  8  C 


)  - 


Introducing  the  new  variables:  nj^e+  =  — - »  nQ+  r  — •  and 

^  S 

y  -  ;  the  Gibbs  free  energy  of  formation  of  an  alloy,  Met  x^x»  becomes: 


W  yAGtx  +nMe+GMe+  +  nC+GC+  +  RTinMe+ln(T^ 


nC+  ln(xJ“)  +  -  nMe+]  ln 


(I~Xo)y  -  *W 

;  rr-xoTy 


+  tv  “  nc+  1  ^ 


Xo'/  -  nr.+ 
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With  a  fixed  composition  at  constant  pressure  and  temperature,  the  Gibbs 
free  energy,  as  written  in  (13),  is  minimized  according  to  the  method  of 
Lagrange  with  the  two  following  constraints  arising  from  the  conservation 
of  masses: 


Accordingly, 


*1  = 

(1-x)  -  (1-x 

o>V 

+  n.  +  = 
MeT 

-©- 

tw 

II 

x  -  xQy  + 

nc+ 

=  0 

we  have: 

9AGf 

B4>, 

+ 

5<P2 

an.  +  K1 

Me 

3nMe^ 

K2 

9nMe+ 

a  ag. 

_ _ L  +  x 

84>j 

i 

\ 

94>2 

3nc+  1 

3nc  + 

Snc, 

SAG, 

9*, 

a<?2 

"By—  +  Kl 

w  + 

Ty- 

=  0 


=  0 


--  0 


(14a) 

(14b) 

(15a) 

(15b) 

(15c) 


In  these  equations  Xj  and  X ^  are  the  undetermined  multipliers.  Performing 
the  differentiation  of  ^  and  92,  and  substituting  the  results  into  equations 
(15),  we  have  from  equations  (15a)  and  (15b): 


8  AGf 

+ 

Me 


OAG  . 
1 


1)  X,  -xoX2 


0 
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Thus,  the  conditional  equation,  when  AG.  is  a  minimum,  is: 

i ,  x 


9AG.  9AG,  9AG, 

-* — :  +  (l-x  )  tj -  +  x  -k - 

°  9rW  °  5nC  + 


(16) 


We  now  proceed  to  differentiate  AG^  with  respect  to  y,  n^e+,  and  n^+j 
and  we  obtain: 


9AG, 


ITn 


'Me  + 


=  °Me+  +  RT^ 


r 

In 


nMe  + 


tt-xjy 


-  In 


-  "Me+ 


i*-*0>y 


J 


9AG, 

-5 - -  =  G_,  +  RT 

On^  +  C+ 


f 


9AG 


f 


=  AG*  +  RT 

f,xo 


(1 


X. 


-xo,  In  -  "Me- 


•n^rT7 


+  x  In 


x  v  -  n  +' 
o'  C 


x  y 
o' 


(17a) 


(17b) 


(17c) 


J 


9AG, 


9AG^  9AG^ 

After  the  substitution  of  x - — ,  -* — — ,  and  — 5— — ;  and  rearrangement  of 


6rw’ 


9y 


terms,  equation  (16)  becomes: 


AG?,X0  -  <‘-xo>  [-  GM«*  ♦  RT1"  <‘-xo)j  -  *o  [-  GC++  RT1”\,] 


-  (1-x  )  RT  Inf  x  RT  In 

o  v  y  in 


nc+ 


(18) 


From  equations  (14a)  and  (14b),  we  have: 


nMe  + 


y  (1-XQ)  -  (l-x) 


"c+ 


x  y  -  x 
o7 
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Substitution  of  njvje+  an<^  nC+  0®)  yields: 


iGf,x  ■  (1_xol 


-  RT 


,  .  ,  +  ,  .x  „  .1-x  )  -  X  ( - 

Mef  'o'  o  \ 


-  G.,  t  +  RT  In  (1- 


Gc+  +  RT  lnx0) 


(!-x0)  ^ 


ry(l-xoMl-x) 


/x  y-x 
-  +  x  ln(  — - 

J  °  \  y 


Let  us  now  introduce  a  new  parameter,  a,  which  is  defined  by  the  equation: 


In  a  =  (1-x  )  In 
'  o' 


y(l-xo)-(l-x) 


;x  v  -  x 

+  x  In  -2 - 

o  y 


(19) 


We  then  have  the  following  conditional  equation  for  the  minimization  of  the 
free  energy  of  an  alloy  Mej  _xCx: 


RT 


l„a  --  4Gf  ^-(l-ao)  [-GMe+  +  KTln<l-*jj 


-  Gc+  +  RT  In  xf 


(20) 


We  shall  now  derive  AG,  as  a  function  of  x  by 

I ,  X 

substituting  n^je+  and  nQ+  lnto  equation  (13)  and  the  partial  molar  quantities, 
AG~.  .  and  AG2. ,  using  equations  (7)  and  (8).  The  resulting  equations  are: 

iVl  &  C 


AGf,x  =  yAG?,xo  +  [y  ^-xo]  '  (1‘x>]  GMe  +  +  [xoy  -x]  GC  + 


+  RT 


[y  d-*0 


)  -  (1-x) 


■y  (l-xQ)-(l-x)l  /x  y-x^ 

1x1  ■  -(•!— oTy - j  +  tyx)  Inf 


xoy 


+  (1-x)  inf, .  1-,X 

'  (l-xG)  y 


+  x  In 


x  y 
o7 


(21a) 
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1-x 


One  can  aee  from  the  above  equation,  that  v/hen  a  is  small,  y  =  ^or 

o 

values  of  x  smaller  than  x  ,  and  y  -  — —  for  values  of  x  greather  than  xc 


Thus,  w:  have  for  x  <x 


R.  T 

'Me  “Me+  +  i ~Q  ln 


AG. ,  _  =  -  G. 


(!-x  )  > 

d-xo)  (xo-x) 


(23a) 


x(i-x  ) 

*rc  =  "  Gc+  +  RT  ln  T^y 


(23b) 


and  for  x  >  x  ; 

o 


as: 


Me 


G.  .  +  +  RT  ln 
MeT 


x  (1-x) 
o'  ' 


A~G~,  = 


°C+  +  tf 


(x  -  1)  X  (1-x  ) 

O  O,  v  O 

X  x  (x-x  ) 

a  '  n 


(24a) 


(24b) 


For  the  monocarbide  phases,  Mex  ^  ,  where 

o  o 

x  =0.5,  equation  (21)  is  greatly  simplified  and  we  have: 


AGf.x  *  [°-5  y  -  +[0.5  y-x:]  Gc+  +  yAGf^ 

(0.5  y-<l-x)]l»  +  (0.  5  y-x)  ln|^ 


+  RT  < 


-x 

y~ 


1-x 


+  (!-x)  In U-3—  +  x  In  ^ 


Al!Me  =  "  °Me+  +  RT  ln  6.  5  ] 


A"5^  -  -  G^.+  +  RT  In  ,  g-g— — 


I  x 
^1TT7- 


(25a) 

(25b) 

(25c) 
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The  conditional  equation  when  the  total  free  energy  is  a  minimum  is: 


-2RT  In  a  =  2AG£  fl  _  5  +  GMe+  +  Gc+  +  2RT  In  2 


In  a  =  0.  5  In 


0.5  y  -  (1-x) 


-*•  0 .  5  In 


0.5  y-x 


y  = 


1  -f  [1-4  x  (l-x)(l-4  a  )]1/2 


(26) 

(27a) 

(27b) 


(1-4  a‘) 


At  the  stoichiometric  composition,  x  =0.5, 

o 


equation  (22)  yields: 


AG,  =  AG*  +  RT  In  (l-2a) 

f,  0.5  f,0.5 

1  -2a 


AG. .  =  -  G. .  ,  +  RT  In 

Me, o.5  Me+  l  a 


'  1  _2a' 

AG..  =  -  G_+  +  RT  In 
Me,  o.  5  Cr  I  a 


Equation  (22d)  reduces  to: 


a  =  0 


•5(^  ’"Kt  ^  ^ 


(28a) 

(28b) 

(28c) 


(29) 


We  see  from  (29)  that  a  is  equal  to  the  fraction  of  the  vacant  metal  sites 
or  vacant  carbon  sites  at  x^  =  0.5.  However,  this  is  no  longer  true  for 
values  of  x  deviating  from  the  stoichiometric  composition,  xq  =  0.5. 

For  values  of  x  deviating  from  xq,  for  example 
when  x  <  0.5,  and  for  small  values  of  a,  i.e.  less  than  1%,  we  have  the 
following  approximate  expressions  for  the  partial  molar  free  energies  of 
the  metal  and  carbon  component  in  the  carbide  phase: 
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(30a) 


AGMe  =  ”  GMe+  +  RT  ln 


4{l-x)a 


AS-C  =  -  Gc+  +  RT  In  Uj- 


(30b) 


For  the  case  when  x  >  0.  5  we  have: 


'  GMe+  +  RT  H  S=r 


AG  =  -  G_+  +  RT  ln| 


(31a) 


(31b) 


According  to  equation  (28a),  when  a  is  small,  RT  ln  (1-a)  approaches 
zero,  and  we  have: 


AG,  =  AG* 

1,  0.5  1,0*5 

With  this  condition  and  when  x  <  0.5,  equations  (26),  (30),  and  (31)  yield 
the  results: 


AGV.  =  G„+  +  2AG,  +  RT  ln 

Me  CT  f,  o.  5  1-x 


(32a) 


AG^.  -  "Gq+  +  RT  ln 


For  the  case  when  x  >  0.5,  we  have: 


(32b) 


=  '  GM.*  *  RT1"  (s? 


(33a) 


Al!^  =  Gw  +  +  2AG,  +  RT  In  — 
C  Mef  f,o.5  \  x 


(33b) 


B.  CALCULATED  THERMODYNAMIC  PROPERTIES  OF 
BINARY  CARBIDES 

1 .  Hafnium -Carbon  System 

The  theoretical  models  presented  in  the  previous 
sections  will  be  now  applied  to  the  hafnium-carbon  system.  As  shown 
in  Figure  3,  the  addition  of  carbon  atoms  to  a-Hf  (hep)  stabilizes  this 
structure  to  high  temperatures  at  which  pure  a-Hf  is  unstable  with  respect 
to  p-Hf  (bcc).  Moreover,  the  solubility  of  carbon  in  a-Hf  at  high  tempera¬ 
ture  is  rather  large.  In  order  to  calculate  the  compositional  variation  of 
the  Gibbs  free  energy  of  a-Hf  terminal  solid  solution  and  of  the  monocarbide 
phase  (designated  by  7)  at  different  temperatures,  we  must  evaluate  the 

four  parameters:  B,  G^+,  G^.,.  >  and  a. 

(91) 

Kaufman,  et.al.  determined  the  three  parameters 

of  the  Schottky- Wagner  model  for  the  monocarbides  by  using  two  pieces  of 

experimental  data,  i.e.  ACT 2  =0  and  ATT?,  =  2AG,  ,  and 

C,x=o.s  Me,x=o-s  f ,  0*  5 

an  assumption  relating  the  third  parameter,  a,  to  the  heat  of  formation  at 
absolute  zero.  However,  we  shall  evaluate  the  three  parameters:  G^£+, 
G^.)-,  and  a  for  HfC  phase,  and  the  parameter  B,  for  a-Hf  terminal  solid 
solution,  by  the  following  four  experimental  conditions: 


a . 

Atr?' 

C  ,  X-Q  .5 

=  0 

(34a) 

b. 

ACT), 

Hf,  X.-.0.5 

=  2AG, 

f.  0.  s 

(34b) 

c . 

AC-J, 

H:  x 

7a 

(34c) 

d. 

C'xa7 

ATT? 

CjX'ya 

(34d) 
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In  these  equations  AG^  0  s  is  t^ie  Gibbs  free  energy  of  formation  of  HfC, 
expressed  in  terms  of  one  gram  atom  alloy;  and  xq^  and  x  are  the  phase 
boundaries  of  the  a-phase  and  the  y-phase  in  the  a+y  two-phase  fields. 

When  a  is  small,  as  shown  later  to  be  the  case  for 
the  HfC  phase,  f:'rn  equations  (28)  and  (32),  we  have: 


Gr+  =  -  RT  In  2a 


GHf+  =  GC+  "  2AGf,  o.  s 


-  /l-2x 

AJTj.  =  G„  +  +  2AG,  +RTlnU - I2J 

Hf ,  x  C+  f,  o.s  ll-x  j 

ya  \  ya 


ATrc,x.  =  -  Gc+ +  RT  raF- 

ya  V  ya 


(35a) 

(35b) 

(36a) 

(36b) 


The  integral  and  partial  molar  free  energies  for  the 
a-phase  are.  given  by  equations  (6),  (9),  and  (10).  However,  at  temperatures 
higher  than  the  a- (3  transformation  temperature  of  Hf,  we  must  modify 
equations  (6),  (9),  and  (10)  to  include  the  free  energy  of  transformation  of 
a-Hf  to  p-Hf,  since  (3-hafnium  at  the  temperatures  of  interest  has  a  dif¬ 
ferent  crystal  structure  from  the  a-terminal  solid  solution.  The  free 
energy  of  transformation  of  Hf  may  be  approximated  to  be: 


AG'JJ13  -  0. 9  (2073-T) 


(37) 


The  assumption  we  made  in  equation  (37)  is  that  C  -C  =  0,  a  condi - 

P ,  P  Pa 

tion  which  is  true  to  a  first  approximation.  Accordingly,  at  temperatures 
higher  than  Tq  p,  we  have: 
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^W.x  =  -  *G°M  *  RT  l" 
a7 


AG"  “  =  -  AG*'/  +  B  +  RT  In 

C,  x  Hf 

ay 


(38a) 


(38b) 


From  equations  (34)  and  (38),  from  the  phase  boun- 

aries  as  shown  in  Figure  3,  and  from  the  selected  values  of  AG,  ,  the 

i  »  0  1  5 

values  of  G^-t-  ,  G^,+>  a,  and  B  \*ere  obtained.  We  found  that  both  GHf+ 
and  G-+  decrease  linearly  withi  temperature,  but  a  increases  with  tem- 
perature  and  B  may  be  approximated  by  a  constant,  -  39,  150  cal/g-atom. 

The  integral  Gibbs  free  energies  of  formation  of 
a-Hf  terminal  solid  solution  and  the  partial  molar  quantities  now  become: 


AG*  =  -  0.9  (2073-T)  -  39,  150  x  +  RT 


f,x 


xln 


il- 


+ (1-x) In  3 


l-2x 


1-x 


I  l_2v' 

-  0.9  (2073-T)  +  RTln  -j~ 


AGT  -  -  0.9  (2073-T)  -  39,  150  x  +  RTln 


(ra) 


(39a) 

(39b) 

(39c) 


At  temperatures  below  Tq  the  first  term  on  the 
right  hand  side  of  the  above  equations  drops  out,  but  at  temperatures 
higher  than  Tfl  ,  we  must  also  include  the  free  energies  of  melting  of 

p  -L, 

.(3-»  L 


hafnium,  AG 


Hf 


Since  the  numerical  calculation  of  AG,  A<ju,  and 

lit 

AC^,  for  the  monocarbide  phase  (q-phase)  is  time-consuming,  a  computer 

V 

program  has  been  prepared  to  calculate  the  integral  and  partial  molar 
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free  energies  as  a  function  of  temperature  and  composition  according 
to  equations  (28),  (32),  and  (33,  based  on  the  following  conditions: 

a.  Gc+  -  53,860  -  2.  1  T  (40) 

b.  AC£.  ~o.5  G^.+  -  RT  In  2a  (35a) 

c'  “rH£,x  =  ..?2AG(,c<  ’"hichTi'lds 

°H  £♦  =  °C*  -2AGi,..,  <35l» 


At  2273‘K,  =  99,  960,  Gc+  =  51,  720,  and 

-6 

a  =  0.9345  x  10  ,  The  values  of  AG,  a5^,  and  as  a  function  of 

composition  for  the  a-phase,  (1-phase,  and  y-phase  in  the  hafnium-carbon 
system  are  shown  in  Figures  12a,  12b,  and  13. 

2 .  Zirconium -Carbon  and  Titanium -Carbon  Systems 


In  contrast  to  the  behavior  of  hafnium -carbon 


system,  the  addition  of  carbon  atoms  to  the  hep  form  of  zirconium  and 

titanium  does  not  stabilize  the  hep  terminal  solid  solution  to  temperatures 

higher  than  T  ,,  of  the  pure  metal.  This  simplifies  the  thermodynamic 
a-p 

analysis  since  the  metal  component  in  the  monocarbide  phase  (7-phase) 
at  the  metal  phase  boundary  is  in  equilibrium  with  the  bcc  form  of  the 
pure  metal  at  temperatures  higher  than  T& 

Using  the  boundary  conditions  similar  to  those 
expressed  by  equations  (34a),  (34b),  and  (34c);  and  baaed  on  the  existing 
phase  diagrams  and  the  selected  Gibbs  free  energies  of  formation  of  the 
monocarbide  phases  at  the  stoichiometric  composition,  the  three 
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T  -  2273*K 


Figure  12b.  Gibbs  Free  Energies  of  Formation  of  the 

a-  and  (3-phases  in  the  Hafnium -Carbon  System 
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Figure  13. 


The  Partial  Molar 
and  Carbon 


Free  Energies  of  Hafni- 


9 


parameters,  G^e+,  G^.+  ,  and  a  for  ZrC  and  TIC  phases  were  calculated 
as  a  function  of  temperature. 

We  found  that  GMe+  andG^+  for  both  the  ZrC  and 
TiC  phases  decrease  linearly  with  temperature,  but  a  increases  with 
temperature  similar  to  the  behavior  of  the  three  parameters  for  HfC 
phase.  Again,  the  values  of  AG,  aS^^,  and  A<j^.  for  both  the  ZrC  and 
TiC  phases  were  calculated  by  means  of  an  IBM-7094  computer  as  a  func¬ 
tion  of  temperature  and  composition  based  on  the  following  three  conditions: 
a . 


b. 


G^.+  =  47,  760  -  0.68  T  for  ZrC -phase 
G^  =  45,  600  -  2.93  T  for  TiC -phase 


ATT-  n  =  0 

C ,  x=  o.s 


A&x,  =  2  AG, 

Me,x  =  o.s  f,  o.  s 


(41) 

(42) 

(35a) 

(35b) 


The  calculated  integral  and  partial  molar  free 
energies  for  the  ZrC  phase  at  2000*K  and  for  the  TiC  phase  at  1673*K  are 
shown  in  Figures  14  through  17.  At  2000*K,  G^r+  -  88,  740,  G^  =  46,400, 

-5 

and  a  =  0.4255  x  10  for  the  ZrC  phase.  For  the  TiC  phase, calculations 
at  the  temperature  1673CK  gave  the  results:  G^.j+  =  78,940,  G^+  =  40,  700, 

-5 

and  a  =  0.2415  x  10 

3.  Discussion 

The  values  of  the  vacancy  parameter  a  for  all  the 
three  group  IV  metal  monocarbide  phases:  HfC,  ZrC  and  TiC  are  small 

-3 

10  )  as  calculated  in  the  previous  sections  so  that  it  was  justified  for 
us  to  use  the  approximate  relationships  to  calculate  the  integral  and 
partial  molar  free  energies  using  the  Schottky-Wagner  vacancy  model. 


93 


,  ^Gr  cal/g-atom 


o.  3  o.  4  as  0. 6 

ATOMIC  FRACTION  OF  CARBON 


Figure  15.  The  Partial  Molar  Free  Energies  of  Zirconium 
and  Carbon 
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G|  cal/g-atom 


Figure  i6,  Gibbs  Free  Energy  of  Formation  of  the 
in  the  Titanium-Carbon  System 


7 -phase 
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cal/g-atom 


VI.  't 

ATOMIC  FRACTION  OF  CARBON 


Figure  17.  The  Partial  Molar  Free  Energies  of  Titanium 
and  Carbon 
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The  shapes  of  the  integral  free  energy  curves  of  the  monocarbide  phases 
as  shown  in  Figures  12a,  14,  and  16  are  similar  and  are  all  typified  by 
a  sharp  increase  of  the  free  energy  at  concentrations  higher  than  the 
stoichiometric  composition.  This  sharp  rise  of  free  energy  is  caused  by 
the  large  free  energies  of  creating  metal  vacancies  on  the  metal  sublattice. 

At  temperatures  higher  than  the  metal-rich  eutectic 
temperature,  the  metal  and  carbon  components  at  the  metal-rich  phase 
boundary  of  the  monocarbide  phase  are  no  longer  in  equilibrium  with  the 
metal  and  carbon  components  in  the  terminal  solid  solution.  Therefore, 
we  do  not  now  have  the  third  boundary  condition  to  evaluate  all  the  three 
Schottky-Wagner  parameters.  However,  since  we  have  found  that  Gq+ 
decreases  linearly  with  temperature  at  temperatures  lower  than  the  metal- 
rich  eutectic  temperature,  we  may  assume  that  the  linear  relationship 
holds  to  even  high  temperatures.  We  can  use  this  condition  and  the  other 
two  boundary  conditions  expressed  by  equations  (35a)  and  (35b)  to  calculate 
the  three  parameters  at  any  temperature.  Once  the  values  of  the  three 
parameters  are  known,  one  can  calculate  the  integral  and  partial  molar  free 
energies  as  a  function  of  composition. 

Until  experimental  free  energy  data  of  the  monocarbide 

phases  as  a  function  of  composition  and  temperature  becomes  available, 

the  calculated  values  using  the  Schottky-Wagner  vacancy  model  are  useful 

in  calculating  the  phase  diagrams  of  the  ternary  and  higher  order  systems 

(47) 

according  to  the  method  developed  by  Rudy'  since  we  have  chosen  the 
three  parameters  such  that  the  data  are  consistent  with  the  binary  phase 
diagrams . 
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